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Gl

B ABSTRACT

‘41//’“”f> An experimental apparatus to measure the particle density
distribution in the freeboard of an atmospheric fluidized bed uas
designed and constructed. The density versus height measured by
the sampling apparatus gives a similar exponential decrease as

> previous investigations have found.

.
e

A particle trajectory model is developed uhich calculates the
height and particle density distributions above the bed surface of
an atmospheric fluidized bed. The parameterg input to the model
- are the superficial velocity, initial particd® velocity, gas jet
velacity and duration, and the particle size distribution of the
bed mass. The model was evaluated using the experimental data for
jet velocity, duration, and particle size. The predicted slope of
the particle density versus height in the freeboard agrees uith -
the experimentally measured slope uwithin 20%.

A sensitvity analysiq) aing the trajectory model, resulted in
a determination of the particle distributions in the freeboard of
a fluidized bed as affected hy varying the input parameters to the
trajectory model. The mast significant effects were achieved when
the jet velocity or duration was altered. ( 7/, . .¢ )

RRK AR

Thesis Supervisor: Or. Leon Glicksman
Title: Senior Research Scientist

The authors hereby grants to M.1.T. and to the U.S. Government

8 Permission to reproduce and to distribut i i :
document in whole or in part. ute copies of this thesis




- >
(Tt a et AT

LT

s

%

ol

R R i e

T3

NN N

et MYt R T B Lttt R AN Sy LN YA Pl 3040 “Gl i< Al SRR S I AT s 4% Bapin taiiiy Bl bt R AR Ll plated Wed mpt i L~ t up.t g ¥

ACKNOWLEDGEMENTS

This thesis was prepared under the guidence and supervision
of Or. Leon Glicksman. His encouragement, patience, advice and
understanding uere all greatly appreciated, for without them, this
work would not have been possible.

The help and support of Tom Yule, who freely gave his time,
expert advice and assistance, is most strongly appreciated. I
sincerely thank him for his efforts.

A special uord of appreciation is given to the Tennessee
Valley futhority for funding this research and making it all
possible.

Most of all, I would like to thank my fiancee Heide, for her
support, understanding, assistance and love during the entire
project. She was aluays there when I needed her, even uhen her
oun work was laborsome.

¢
' oo,
L
)
i

Dtig

Cory
MSPrcTEp

o, o,




Re." atw . [Naalite. Loe A [hal SR e e e e a8 T T T R N R e T a e g e W L Y W N R N T g

A DETERMINATION OF PARTICLE DENSITY DISTRIBUTIONS
ABOVE FLUIDIZED BEDS
TABLE OF CONTENTS

. ABSTRACT . ..ccievveccanocanaas cesccsans teecsancccancana 2

ACKNOULEDBEMENTS .......cc0cceeanan csessnnsacaa cessveaa 3

1 TABLE OF CONTENTS ..... Neectcetessacsssaccaasssansaonas 4

LIST OF FIGURES .....c..icevcecencancnancccsscacccnsanns ]

LIST OF TRBLES ......cc.vcceeacaocan tecesecsencctacccsnn 12

CHAPTER I - INTRODUCTION .......ciccccceccnccncanncenn 14

CHAPTER 11 - PARTICLE SAMPLING APPARATUS ............. 22

" Design Alternatives ........ secssennsans crecceena 22

: Apparatus Requirements ...........c.civiececaaccnns 24

"~ Apparatus Design ........... Gescisecesistsnvencna rd]

- Apparatus Testing .....ccccecvcececnnrcacncsnnnans 37

. CHAPTER III - EXPERIMENTAL PROCEDURE  ................. 49

. Fluidized Bed Configuration ..................... 40

N Equipment Set-up ......c.ciitienccncccanaocacanna . 43

) Sampling Procedure ......... Ceessecatcucenseanann 439

Sample Analysis ............... eevesea vesseasaae . 93

. CHAPTER IV - COMPUTER MODEL ........ccccecenncccecacann S6

3 Introduction ....c.iciiiiicianccreccanacacnanann S6

. Model Theory ..... teeseacasescacensacaccesecanana 56

Testing of Program .........c..ccicceiteccnnnncnnn 59

CHAPTER Vv - EXPERIMENTAL RESULTS AND CONCLUSIONS ..... 68

Minimum Fluidization Velocity ......cceiecacaacnns 68

Entrainment Analysis .................. teesecanse . 68

Particle Size Distribution ..........cccccieecenes 80

e Oscilloscope Trace Analysis .........coieceencnnes 85

R Sample Weight vs Bed Activity Correlation ........ 89+«

2 s

:‘r;.';}':'-f."-':'.-")".'-"'.‘-"-\Z'-":'-,‘.."‘:‘--:‘ A D s N o P S T T TR S e e S e T e e




M A I I A SO IR IR AT SN A SO AN R W A S AN T s sk SRS S e N A felart Wl e £ el Anlh Vel Al nuli el aul el > ~pis " e uil i

CHAPTER VI - TRAJECTORY MODEL RESULTS AND DISCUSSION . 96

Selection of Baseline Parameters ........c..c.c.c... 96
Typical OQutput Using Baseline Parameters ......... 99
Model Sensitivity Analysis ........ccccnveccaccen 106
. variation of superficial velocity Uo ......... 108
) veriation of initial particle velocity Upo .e. 118
o variation of jet velocity Uf ......cecceceecece. 121
\ variation of jet duration tj .......ccccace.a. 128

variation of particle distribution in bed mass 134
Comparison of Model uith Experimental Results ... 140

y CHAPTER VII -~ CONCLUSIONS AND RECOMMENDATIONS ....... 145
E ConclusSions ......cccccececacsvssasacccanasscanne 145
Recommendations ..........cc.ccecececccsoscacanns 146
REFERENCES ... .ciiciccecceecneacaccanasccncnsacenns 148
f APPENDIX A ~ MOMENT OF INERTIA CALCULATIONS FOR
~ PADDLES ...c.tiiiicecnceccacccancasnannns 150
§ APPENDIX B - ERROR DETERMINATION OF VACUMN COLLECTION
3 SYSTEM ...... hecesecetsescescscscsananes 156
; APPENDIX C ~ SAMPLE TRAP CLOSURE TIME TEST .......... 158

APPENDIX D - SOLENOID TORQUE AND DYNAMIC ANALYSIS ... 1B2
APPENDIX E - PARTICLE SIZE DISTRIBUTION ANALYSIS .... 163
APPENDIX F - MEAN BED FLOW VELOCITY DETERMINATION ... 171

APPENDIX 6 - COMPUTER PROGRAM FOR MEAN BED FLOU
VELOCITY CALCULATION  ....c.eeveennennnas 175

APPENDIX H - PARTS LIST FOR APPARATUS  ....oeeeeeen... 178
APPENDIX I - LISTING OF ALL SAMPLE DATA OBTAINED .... 182
APPENDIX J - IMAGE ANALYZER OUTPUT  ...oecnecneneenn.. 202
: APPENDIX K - OSCILLOSCOPE TRACES  «evvuevnevcnecneennnn 218

APPENDIX L - COMPUTER PROGRAM FOR TRAJECTORY MODEL .. 235

APPENDIX M - ANEMOMETER CALIBRATION ..........cc.cenv.. 248




el e AR . vadue ke # e w A T b a Xy Il Sl e SN, IR Q- i Gt S A i Rt S R i M Sy i el N A RIS ST A RN

LIST OF FIGURES
Figure Page

: 1 Model of a fluidized bed. Particle Entrainment 18
. decreases exponentially with increasing freeboard
\J height.

2 Side and top views of sampling apparatus. 28
.i 3 Perspective view of sampling apparatus. 29
f 4 Top and side vieu of sample trap. a1

s Design of closure paddles. 32

6 Torque output curve for rotary solenoid. 34

7 Schematic of solenoid power supply. s
. 8 ° Schematic diagram for vacuum system. 38
E 9 Heat exchanger tube design shouwing the four (4) 41
f rous of 22 tubes.
. 10 Heat exchanger tube design. _ 42
5 11 Position of sample trap, bubble probe, and 44
$ anemometer probe above heat exchanger tubes.
? 12 Position of bubble and Anemometer probe with 4S5

respect to the sample trap and distributor.

13 Block diagram of the equipment used during the 47
sampling operations.

14 Typical oscilloscope trace obtained during 52
sampling operation.

1S Maximum particle height vs particle diameter 6S
obtained during increment sensitivity analysis.

2 16 Particle size distribution of bed mass used in 65
- increment sensitivity analysis.

17 Plots of relative particle density vs freeboard 86
height showing the effect of varying the diameter
interval and height interval.




.\"\-.I-'

o N

18

19

29

2

22

23

25

6

7

Z8

29

30

31

32

33

AR

TS TADADA S "_."J‘-

Plot of pressure drop across bed vs Ua. The
estimate of Umf firom this plot is 15.2 cm/s (0.5
ft/s).

Plot of particle density vs freeboard height as a
function of Ua/Umf. The data uas obtained using
the particle sampler.

Plot of Po vs (Uo/Umf -1) showing strong
dependence of Po on Uo.

Plot of 1/a vs Uo showing linear dependence of
1/a on Uo.

Particle size vs mass distribution and particle
number of bed material from experimental data.

Analysis of variation of particle size vs
freeboard height.

Oscilloscope trace of bubble probe, anemometer
probe, and solenoid activation at low Uo.

Oscilloscope trace of bubble probe, anemometer
probe, and solenoid activation at low Uo.

Oscilloscope trace of bubble probe, anemometer
probe, and solenoid activation at higher Uo.

Oscilloscope trace of bubble probe, anemometer
probe, and solenoid activation at higher Uo.

Typical oscilloscope trace during sampling
procedure showing time before actuation.

Relative particle nimber distributions of bed
material by sieve and image analyzer anaiysis.

Haximum particle height vs particle diameter for
baseline conditions.

Relative particle number vs particle diameter for
baseline conditions. Freeboard height of 4 cm.

Relative particle rnumber vs particle diameter for
baseline conditions. Freeboard height of 8 cm.

Relative particle number vs particle diameter for
baseline conditions. Freeboard height of 12 cm.

)\ *..._-. . _’.,-.'.‘-..\ . \ DRI

69

73

76

73

81

86

87

93

100

100

102

102

103

DR SN

. .
".P.Li._.‘) SV




-Ta e N . e T . PR A y e e LRI N - ') . . . . i) - e . - - - -V e Tm i T Pl B et - Sad ‘B

i Relative particle number vs particle diameter for 1063
baseline conditions. Freeboard height of 18 cm.

s a8 46

9 3 Relative particle number vs particle diameter for 104
baseline conditions. Freeboard height of 2Z cm.
i 36 Relative particle number vs particle diameter for 104
5 baseline conditions. Freeboard height of 31 cm.
3]
N 7 Particle density/unit volume vs freeboard height 10S
for baseline conditions.
' s ln particle density/unit volume vs freeboard 105
N height for baseline conditions.
39 Maximum particle height vs particle diameter as a 109
function of Uo.
40 Relative particle number vs particle diameter as a 103
3 function of Ua. Freeboard height of 4 cm.
41 Relative particle number vs particle diameter as a 118
. "~  function of Uo. Freeboard height of 8 cnm.
ﬂ 42 Relative particle number vs particle diameter as a 110
. function of Uo. Freeboard height of 12 cm.
% 43 Relative particle number vs particle diameter as a 111
] function of Uo. Ffreeboard height of (8 cm.
. 44 Relative particle number vs particle diameter as a 11l
. function of Uo. Freeboard height of 2Z cm.
o 45 Relative particle number vs particle diameter as a 112
function of Uo. Freeboard height of 31 cm.
i 48 Particle density/unit volume vs freeboard height 114
& as a function of Uo.
? 47 ln Particle density/unit volume vs freeboard 114
7 height as a function of Uo.
N 48 Maximum particle height vs particle diameter as a 116
- function of Upo.

49 Relative particle number vs particle diameter as a 117
function of Upo. Freeboard height of 4 cm.

co Relative particle number vs particle diameter as a 117
function of Upo. Freeboard height of 8 cm.

P




AR dhart et Aasttii 2K 0 2 ik

St Relative particle number vs particle diameter as a 118
function of Upo. Freeboard height of 12 cm.

52 Relative particle number vs particle diameter as a 118
function of Upo. Freeboard height of 18 cm.

53 Relative particle number vs particle diameter as a 119
function of Upo. Freeboard height of 22 cm.

54 Relative particle number vs particle diameter as a 119
function of Upo. Freeboard height of 31 cnm.

SS Particle density/unit volume vs freehboard height 120
as a function of Upo.

S6 1n particle density/unit volume vs freeboard 120
height as a function of Upo.

s7 Maximum particle height vs particle diameter as a 122
function of Uj.

58 Relative particle number vs particle diameter as a 124
function of Uj. Freeboard height of 4 cnm.

S3 Relative particle number vs particle diamecter as a 124
function of Uj. Freeboard height of 8 cm.

60 Relative particle number vs particle diameter as a 12S
function of Uj. Freeboard height of 12 cm.

61 Relative particle number vs particle diameter as a 125
function of Uj. Freeboard height of 18 cm.

62 Relative particle number vs particle diameter as a 126
function of Uj. Freeboard height of 2Z cnm.

63 Relative particle number vs particle diameter as a 126
function of Uj. Freeboard height of 31 cm.

64 Particle density/unit volume vs freeboard height 127
as a function of Uj.

65 ln Particle density/unit volume vs freeboard 127
height as a function of Uj.

68 Maximum particle height vs particle diameter as a 129
function of tj.

L R T
.

AL AN I PO




Relative particle number vs particle diameter
function of tj. Freeboard height of 4 cm.

Relative particle number vs particle diameter
function of tj. Freeboard height of 8 cm.

‘Relative particle number vs particle diameter
function of tj. Freehoard height of 1Z cm.

Relgtive particle number vs particle diameter
function of tj. Freeboard height of 18 cm.

. 71 Relative particle rnumber vs particle diameter as a 132
S function of tj. Freeboard height of 22 cnm.

.

- 72 Relative particle number vs particle diameter as a 132
!! function of tj. Freeboard height of 31 cm.

Y - - 73 Particle density/unit valume vs freeboard height 133
X ' as a function of tj.

74 In Particle density/unit volume vs freeboard * 33
height as a function of tj.

: 7S Relative particle number ;s particle diameter for 135
o ’ bed mass material.

76 Relative particle number vs particle diameter as a 136
function of bed mass. Ffreeboard height of 4 cm.

77 Relative particle number vs particle diameter as a 136
function of bed mass. Freeboard height of 8 cm.

78 Relative particle number vs particle diameter as a 137
function of bed mass. Freeboard height of 12 cnm.

79 Relative particle number vs particle diameter as a 137
function of bed mass. Freeboard height of 18 cm.

: 1) Relative particle number vs particle diameter as a 138
function of bed mass. Freeboard height of 22 cm.

81 Relative particle number vs particle diameter as a 138
function of bed mass. Freeboard height of 31 cm.

82 Particle density/unit volume vs freeboard height 139
as a function of bed mass. The 1n plot is also
shoun as Fig. 8Z h.




83

84

85

Particle density/unit volume vs freeboard height
for baseline parameters.

In Particle density/unit volume vs freeboard
height for baseline parameters.

Comparison of slopes for the particle density
distributions above the bed as derived from
experimental data and computer model output.

Constuction of paddles with aluminum interface
cylinder shoun.

Diagram for mament of inertia calailation used
for cylinder about 7 axis.

Diagram for moment of inertia calculation used
for rectangular prisim about X axis.

Diagram of closure time determination set up.

Oscilloscope trace of paddle eclipsing electric
eye.

Torque output of rotary solenoid showing triangle
approximation and spring constant determination.

Calibration of anemometer probe. O0Oscilloscope
voltage vs air velocity.

i1

AN T e e

S > - . - - - O
) .t e -
PRSPl PSP e,

141

141

143

152

154

154

159

161

165

249

U




(e R L SN LS St U IR AR SARK (S DA S vt e SO S U il o PRSI e iy .- e W et e eV LT VRN L L.

LIST OF TABLES

Table Page
. 1 List of equipment used during particle sampling 48
J operations.
. : [ 4 List of parameters used to check computer 62

calculations against closed form solution.

; 3 Listing of input and resulting maximum particle 64
- A heights with time to maximum height. These
- values uere used during the increment sensitivity
tests.
4 List of experimental data showing sample n

averages, standard deviations, heights, and
velocity conditions measured. Oensity values are
calculated by dividing the average sample uweight
by the sample trap volume. )

et % SO MONE

; S Results of linear,K regression analysis for 75
S : - : - particle loading density (grams/cm ) vs height
- above the bed surface (cm).

B8 Comparison of least square fit relations for Po T
as a function of Uo and Umf. '

. . K Comparison of least square fit relations for 1/a 78
. as a function of Uo.

8 Statistical values for particle number 83
- distribution as a function of freeboard height.
- A complete listing of the data is given in
Appendix J.

LY

9 Average and standard deviation of jet velocity 89
cdetermined from oscilloscope traces in Appendix
K.

i

10 List of transit times for particles traveling 31
from the bed surface ta the center of the trap.
The time prior to actuation of the sample trap is
also shown.

LT
AP

(O AT INNI N

12

AN LA,

i

...... .. . - .- . .. S P T T S .
------ 6% et e e L IR T AP R EAPERLEEE i S L T S P LR B

.. e e N T e T T e, PN T TR L R AT
WL S PRAPLE RSP LR POV LS RO P VR AU T Y VR

L AN .
P T U T P S N A
PRV WE P W X e WAL U wRiPUI vy W WRE WAl




e g 8 v A T T ey e S e e e S T R T R AT R TR TR TR AT ATATSTETR AT Pl S S ke S . 2 T e "I S WS S T Sk S "R
-

.
x,

it List of samples and their correlation parameters. a5
The resulting average for Q indicates that no
correlation can be made from the data obtained to
indicate by sample uweight uhether or not any bed
activity occured belou the sample trap.

12 Effect of Uo on the slope of the particle density 113
distribution as a function of height for the
distributions shown in Fig. 47.

13 Effect of Upo on the slope of the particle density 121
distribution as a function of height for the
distributions shoun in Fig. S8.

14 Effect of Uj on the slope of the particle density 123
distribution as a function of height for the
distributions shown in Fig. B8S.

.18 __. Effect of tj on the slope of the particle density 134
distribution as a function of height for the
distributions shoun in Fig. 74.

18~ Baseline parameters used in computer model. 140

17 Comparison of slopes for the particle density 142
distribution ahove the bed as derived from the
experimental data and the computer model.

A.1 Listing of paddle components and parameters. 151

A.2 Calculated values far the moment of inertia of 155
paddles and paddle components.

8.1 Results of vacuum sample removal test. 157
c.1 Sample trap closure data. 160
0.1 Summary of dynamic analysis results. 168
E.1 Average particle size distribution of bed 170

material in grams and percentage of total weight
using sieve analysis.

H.1 List of components for sampling apparatus. 179
H.2 Listing of components for solenoid power supply. 180
H.3 Listing of compaonents for vacuum system. 181

distributions shown in Fig. 47.

13

- [ P L . - -
TRIRIIIIF SRS 2R IEIBII I - o o R a e w ,. A AT AT R AN

T S S S e P - T e e v e et O . L L T P STt
. v . . - -
F AR .




PP AT faaf A il A 20t vade 0 5.4 DAl i i o Bl by o

CHAPTER I

INTRODUCTION

Fluidized beds have been used in industry for many years.
They have been used to mix and dry particulate materials and are
the principle process in catalytic cracking plants. In the past
decade or so, the use of fluidized bed combustors for pouer
£ omnes o generation:-has become ‘a- source of -major -interest. Prototype coal

burning beds have already been built which are comparable to

- -

existing coal plants. Fluidized bed combustors have the added
benifit of low NOx, SOZ and hydrocarbon emissions and the
flexibility of being able to burn a uvide range of fuels ranging

from refuse and high sulfur content coal to high grade fuels.

A fluidized bed [Fig 1] is composed of a distributor through
which an air flow is intraduced through thousands of small
orfices. This air then passes through the dense zone of the bed
which is comprised of a mass of particles. The air v;locity
through the dense zone is maintained above the minimum
fluidization velocity (Umf) during normal operations. At
velocities equal to or greatec than Umf, the frictional force
(Orag) of the air flowing past a particle is egqual to the ueight
of the particle. Under these conditions, the particle mass
behaves very much like a fluid. It will maintain a horizontal

surface if the container is tilted, flow out of holes in the

14
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container, and has a pressure drop across any section of the bed
apprxamately equal to the ueight of air and particles in the
section [1]1. At velocities above Umf, the excess air will

coalesce and form small voids or bubbles as it procedes touards

SR A R AT 8

the surface of the fluidized bed.

- As bubbles break at the surface of the bed, the solid

RN

particles are throun up above the bed surface and are entrained by
the upuard flouwing gas stream. This zone above the bed surface is
U : - the freeboard zone. In the freeboard, some particles are carcied

. by the gas flouw far above the bed surface and are removed from the

-

A fluidized bed (elutriated) , while the remainder fall back to the
bed. In general the amount of bed solids suspended in the
freeboard (entrainment) decreases exponentially along the freeboard
height. This distribution is similar to that of‘the

Maxwell-Boltzmann distribution for the case of discrete energy

;'
» .
f states as it applies to the Lau of Atmospheres (Z].
. N(z) = No exp{-mgz/kT} ()
Research in the area of entrainment by Lewis et al. (31, Zenz
. and Weil [4] and others has resulted in the following correlation
for entrainment as a function of gas veiocity and freeboard height
! for small-particle beds {1].
16
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(4
B exp{ -~ [(b/Uo) + a H 1}

o ‘_L'. =
v At Uo (2)
Y
where:
: F Entrainment
- At = Area of bed
- u Superficial velocity through bed

Particle dependent constant
Particle dependent constant
Particle dependent constant
Height of freeboard

X OoO®@O

it some point above the bed surface, the quantity of
... entrained particles becomes constant.. At this point, the free

fall velocity of the remaining particles is equal to or less than

- -

the uniform superficial operating velocity. The height at which

L
e B ey

the entrainment becomes constant is called the transport

.

" disengagement height (TDH) (11,

The particles that are throwun above the bed are affected in
- the freeboard-region by hydrodynamic parameters such as: bubble
size, bubble frequency, fluidizing veloéity. height above the bed,
particle size, particle density, column diameter [S], and

baffles [6). The internittent‘high velocity bursts of gas which
- occurs when a bubble bursts, imposes a flucuating and highly

irregular time dependent velocity profile over the cross section

of the bed surface. At successively higher levels above the bed

NG

surface, this velocity profile becomes more and more uniform until

at the TOH, the flow is at the uniform superficial operating

2 AR
NS A

velocity (Uo) (4],
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Until recently, little attention was paid to the
understanding of the freeboard reactions for large particle beds.
Houever, due to recent work in fluidized hed combustors, the
extent of particle and fines loading in the freeboard has been
shoun to significantly affect the SO_Z abhsorbtion, NOx reduction, CO

emission. In general, the last S to 10X of the combustibles will

. burn in-the freeboard. It uas shoun that the fine sorbent

particles entrained into the freeboard will enhance sulphlur
capture and that entrained char particles will react with NOx and
reduce its emission [7]. Fines reinjection has been shoun to
significantly increases the fine particle concentration in the bed
a;; in the freeboard uith the consequence of further enhancing
char oxidation. However, this can result in overheating in the
freeboard region and excess S0; and NOx emission (7]1. The end
result is that the potential for fluidized bed combustion pouer
plants is enhanced by their ability to burn high sulphur content
fuels and maintain lou SOz emissions. Further research in the

area directly above the bed surface is required to properly model

the reactions occuring within the freeboard.

Extensive studies on entrainment rate and elutriation have
been made uith numerous correlations, some of which are proposed
in {1, 3, 4, S, 6, 7, 81. However, most of the reported uwork on
entrainment from fluidized beds has been carried out with either
a closely sized fraction of particles or a mixture of tuwo such
fractions. Virtually all of this uork has been conducted on hench

scale or catalytic cracking fluidized beds. The results of these

18
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studies have heen shoun to produce much louer entrainment rates

» V. PR

than full sized beds or tend to operate in the slugging condition.
Therefore, the entrainment rates and transport disengagement

heights (TDH) for fluidized beds are generally estimated from

PR

empirical or semiempirical correlations obtained from this data

&
«"a

R and most of them shou extreme discrepancies between different

o' I.
‘e

)
]
|
f
|
i
|
i
I

e —= “‘experimental results. Extrapolation of these empirical
correlations usually leads to strange results [5] with

discrepancies uhich can vary by tuo orders of magnitude.

-5 } e e = —u:-=-:-The lack of good. correlations stems mainly from the

-

difficulty in obtaining accurate entrainment rate data. Most of
the data is based on pressure measurements at incremental heights
in fluidized cracking plant type beds [11]1. The effect of wall

- loading by particles and the actual relation between pressure and

particle concentration is considered to be major sources of error

ALY

uwhen using this method with large particles. As a result, none of
. the correlations are uwidely accepted as giving accurate

predictions [8].

A complete model of the entrainment process from fluidized
beds must take into account all the mechanisims involved within
the process. The arrival of bubbles at the bed surface, ejection
of particles from the dense-phased bed into the freeboard region
SR as the bubbles erupt, particle-particle interactions, and the

trajectories of ejected particles are all important [8]1. Much

Lo

work has been done concerning bubble growth, velocity, volume,

19
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etc. and their behavior is fairly uell understood.

The mechanism of solids ajection at the bubbling bed surface
is still not well understood. The arigin of ejected particles is
regorted to be primarily due to two sources. The particles which

smee oo we = .. have been lifted by the bubble wake and thrown upwards following
©osmmmes smrz:o oo o the bubble burst at the_surface is. the first source. This theory
is supported by uork done by George and Grace (8] uho performed
experiments uhich concluded that the vast majority of the ejected
particles did not originate from the surface layers but from

o T bubble wake pick up.: " Work done by Page and Harrison (6] also

-

appears to agree with this. The second theory suggests that the
ejected particles originate at the nose of the bursting bubbles
and are throun outward when the bubble breaks. Research by Roue
and Partridge (8] and Glicksman et al [12) have ;houn this second
mechanisim as heing the dominate particle ejection source and ttus
supporting this second theory. Their work has also shoun: that
under the conditions in which 2 bubbles coalesce just belou the
surface of the bed, the jet of gas produced can result in a
significant amount of particle; being ejected from the wake of

the first bubble.

The effect of multiparticle interactions have been for the
most part ignored except by Peters and Prybylowski [13]. The
motion of any individual particle is influenced by the presence
of other particles, i.e., through direct particle-particle

interactions and deviations in the fluid drag force. The major

20
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drauback of their work is that the paper compares their theory

with only a single set of experimental results [3].

Studies to model the trajectories of particles in the

freeboard have been conducted several times. The work of Ualsh

~ at-al’' 171, Géorge and Grace (81, and Paters and Prybylouski [13]

2= melms =S -di- name-just a few of: the  latest efforts. All of these studies

relied upon experimental data to develoge their theories.
Houwever, to check the accuracy of their theories, more

experimental data is required.

As of yet, none of the entrainment models available can be
incorporated into fluidized bed combustion models uwith sufficient
accuracy to uarrent their use. This is due to a lack of
experimental information on entrainment rate as ; function of the
complete fluidization parameters of the bed to test the models
with. As a result, the purpose of this study has been to obtain
particle density distributions above a cold atmaospheric fluidized

bed containing a continuous particle size distribution [(Appendix

El.
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CHAPTER II

PRSP

PARTICLE SAMPLING APPARATUS

Qesigp Alternatives

Smes -on s emzese sThere-are many methods-available for determining particle

distributions in fluid flous. The more commonly used methods are:

T S 1) Catching mechanisms
izns 2) Trapping mechanises
:E 3) Radiation attermation measurements
4) Optical measurements

~ 5) Capacitance and Inductance measurements

i: Catching mechanisms are passive devices, That is, particles
. are cagtured merely by the presence of the catching mechanism in
the fluid flouw containg the particles to be sampled. The data
obtained using this method is position dependent and produces
average values for the particle flux loadings. These catching
mechanisims are also limited in that they can only catch particles
with particle fluxes traveling in a single direction. The device

used by Walsh et al (10] only captured falling particles while the

device used by George and Grace (8] required the upward moving

L
« t'e

particles to deflect off of a baffle surface and fall into a

collecting trough.
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5 Trapping mechanisims, unlike catching mechanisms, are active
particle samplers. Their operation involves the trapping and
isolation of a finite volume of the fluid flow at a specific
period in time. This sampling technique produces time dependent
as well as position dependent data. This will allow correlations
;;_,_,“_,__fﬂbgtuegn.bubhleferuptionvand,pagficle‘density to be made using
M - ’*;' R nultipie ﬁﬁgble cé;;itions rafg;r than single bubble capture. As
the number of random samples taken by this method increases, the
average value of this data will approach that of the catching
mechanism. Trapping mechanisims also capture particle fluxes
i e e e traveling inTmultiple directions: —This ability reduces the error

inherent in measuring only the dounuard or only the upward

particle flux. The apparatus used in this paper is a trapping

mechanism. .

Atterwation of nuclear particles from a radioactve source can
be u;ed to give average particle density distributions across a
suspension. However, this method is not adaptable to density
determinations at a point. An average time dependent density
determination can be achieved with this method. Another drau-back
of this method is the radiation hazards involved with the use of

nuclear particles.

Optical density determinations consists of two seperate
methods. The first method uses a very small light beam which is

eclipsed by the transition of a particle through it. A related

P R Gt T I T R
ST \,\J,\-.\fx‘,\,\_._’.,'._._._-_.J_'..~._...\.~.~.,‘._._._._._._h,n.._ .
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method uses the absorbtion and scattering of a somewhat larger
light beam to correlate the change in light intensity with

particle density. This method has been used frequently in the

study of aerosols but requires complicated and intricate equipment
[14]1. The second method involves high speed photographs of a

i small volume of space. This method cannot be used uwhen the
R particle dens;ty‘is so large that multiple particles eclipse each

e e other frequently enough- to produce unacceptable error. This is

the case when the probe height above the bed is less than 7-15 cm

(3-8 in).

cezaariuoal nioL Lol Measurements at'.a point can also be made by inserting either
a taoroidial inductor or a parallel plate capacitor in the flou.
. The presence of the particles changes the permeability and thus
the inductance of the inductor, or the dielectric strength and
: thus the capacitance of the capacitor. The drau-backs of these
methods involves the unknoun effects of particle velocity and
external particles on the inductor and charge transfer to

: particles from the capacitor [141.

A The goal of this study was to determine the density

: distribution of particles above an atmospheric fluidized bed uwith
particle velocities of up to |@ meters per second. The particle
size distribution of material ejected from bubbles is required for

particle trajectory calculations. A correlation betueen the

24
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average density and the density present immediately after a bubble
bursts from the bed surface was also of interest. These
requirements dictated that the method used for measuring densities

have the following capabilities:

1) Measure densities with good spatial resolution.

B Z)_ﬂga;ure_densities at specific nongnts in time.
3)T0bia§§{p§rticle size information.
4) Operate under extremely dirty conditions.

S) Easy sample removal from bed.

- B) Remote operation of sampler.

The radiaﬁion atteruation and inductance/capacitance methods
can not determine particle sizes. Therefore, these methods uere
no longer considered as possible measurement alternatives.

Because the optical methods are either not reliable at small
heights above the bed or their use is too complex, they were not
used. Catching devices, although simple to use, do not have the
ability to measure data at specific points in time and determine
particle density loading in space. As a result, the determination
to use a trapping mechanism as the method of measuring particle

uensities was made.
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fApparatys Design

General Design Criteria

The following criteria uas used in determining the design of

the trapping device.
h 1) The closure time of the trap uwas chosen to be equal
é S . to the time for a particle with a velocity of 10
2 N : 11" “m/s to. transit 1/10_the length of the sample
ii I T IS container;'_This_velobityti; considered to be the
E upper limit of the particle velocity distribution

2 present in the test bed, based on the work of

_...George and Grace [8].

. 2) The apparatus must be capable of frecquent sampling
without requiring access to the sampling device

itself.

kY] The samples trapped, must be easily accessable
A from outside the fluidized bed without interupting

- the bed conditions.

4) The apparatus must be able to operate in the high

particle flux environment of the fluidized bed.
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5) The actuation of the trapping device must be able
to be accurately determined to allow correlation

with other time resolved measurements.

General Design

The apparatus is shown in Figs. 2 and 3. A description and
list of all components is given in fppendix H. The sample
container is mounted onignAextension arm to minimize the

disturbancae to the air flouw arocund the sample trap caused by the

-

rest of the mechanism. The sample container is closed using tuo
(2) paddle arms, one above and the other belou. These paddle arms
are attached to aluminum interfaces which are used to connect them
to a rotary solenoid. The solenoid is used to suing the paddles
over the sample trap and shut it. Not shoun in these figures are
the pouwer supply for the solenoid, the vacuum system used to
remove the particles from the sample trap and the uvater-proof
nylon shell used to keep the particles from interfering with the
operation of the solenoid. All of these systems are described in

greater detail in the following sections.

Sample Container

To ensure that the sampling device had minimal effect on the

fluid flow, the cross sectional area presented to the flou had to

be minimized. This constraint required that the sample container

27
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be seperated from the rest of the apparatus. This uas benificial
in the final design because it helped to reduce the apparatus

closure time.

To ensure a good seal uas achieved when the trap uas stut,
felt was used as a gasket betueen th; sﬁnple container and the
1. closure qudres;z fig{}4 gggggfﬁhgifinql d?sign used fof the
sampling mechanism. It is constructed of.llls inch aluminum uith

1/4 inch square stock used for the frame and mounting structure.

"Epoxy is used to seal the sides of the container.
- - Closure Paddles

After several iterations on paddle designs, it was determined
that the paddle construction which offered the g}eatest stiffness
for the least weight was a composite laninate; The paddle, shoun
in Fig. 5, is made using a 0.4 in thick foam core with 1/32 inch
"thick Basswood laminations on the exteriér. Hardwood (Maple) end
pieces uwere used to provide a noncompressive connection betueen
the foam paddles and the aluminum interfaces. The aluminum
interfaces couple the solenoid shaft to the paddles. Epoxy uwas

used to join the laminate materials.

Actuator

A rotating mechanism utilizing a rotary solenoid was chosen

to shut the sample trap. A rotary solenoid uas selected because
30
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of the problems of maintaining louw friction surfaces for sliding
mechanisms in the presence of the particulate matter being
sampled. This precluded the use of any sliding mechanism to shut
the sample trap. The calculations found in Appendix A and
Appendix C determined the size of the solenoid required to achieve

the desired closure time.

The 45 degrse stroke solenoid was chosen to place the paddle
arms far enough away from the sample trap, such that uwhen
de-energized it prevents interference with the particle flou.

This stroke also minimized the area which must be clear of

- -

obstructions .to-the travel_ of-the paddles. The solenaid operates
at a 1/19 duty cycle pouer rating uhen initially actuated,
providing the torque cutput shoun in l-;ig. 6. After the solenoid
has shut the sample trap, the solenoid is operated at a louer
pouer rating, providing a holding torque of 5.5 in-lbs. This
decreased rating is necessary to prevent overheating of the

solenoid. This assembly is encased within a nylon shell.
Pouwer Supply

Fig. 7 is a schematic of the electrical system used to pouwer
the solenoid. Appendix H contains a list of all components used
in the pouwer supply. The pouwer supply plugs directly into a
standard 115 volt AC line source. Switch S1 is used to apply
pouer to the solencid Ml. The full wave bridge rectifier assembly

converts the AC line voltage to DC. The rectifier assembly is

33
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R protected by the arc suppresser 01 from the large voltage spike
- induced in the solenoid coil uhen the solenoid is actuated.
Resistor R3 is used to reduce the current through the solenoid

after the solenoid has been closed to prevent it from overheating.

L AR 5

To initially shut the sample trap, full current is applied to the

solenoid by shutting suitch 52, uhich bypasses resistor R3.

Resistors Rl and RZ form a voltage divider netuork to provide a

&
Talatala 0,

.
e a

low voltage (5.5 volts AC) trigger source for an oscilloscope.

D
[ R I }
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Vacuum System

To remove the particles in the sample trap, a vacuum system
was developed. This system is shoun in Fig. 8 with a list of the
components given in Appendix H. A vacuum is produced by allouwing
air from a 100 psi air source to flow through valve V1 into the
venturi eductor Pi. The vacuum places a suction on the sample
container CZ via a fine mesh screen. The purpose of this screen
is to prevent particles from escaping the sample container. The
suction is applied to the sample trap Cl1 through 1/4 inch polyflou

tubing. It is through this tube that the particles are removed

from the sample trap and collected in the sample container. An
equalization and agitaion line is connected to the opposite side
of the sample trap. This line serves two purposes. First, it
ensures that the vacuum system does not pull in ;articles ‘rom
outside of the sample trag. Second, it allous a flou of air to be
introduced which stirs up the particles trapped inside. This
helps push them into the suction line ana reduce the remaining

particles to a minimum.
Apparatuys Testing

Tuwo tests were run to determine the effectiveness of the
system. The first test determined the closing time of the sample
trap. The second evaluated the error from the loss of particles

which were left in the sample trap by the vacuum system.
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The procedure and method used to determine closure time for
the sample trap is given in Appendix C. From the results of these
tests given in Appendix C, the closure time was determined to have
an average value of 1.44 milliseconds. This is equal to a 10 m/s
particle traveling 1.44 cm or approximately 16 % of the sample

:trap length. The average particle velocity will be less than 2

m/s and will therefore introduce an average error of less than 3 X.

Using the sample trap closure time, a dynamic analysis
determined that the total time from initially applying pouwer to
the solenoid until it shut the sample trap is 42.6 milliseconds.
T;ese calculations are given in Appendix 0. This actuation time

is important for determining whether a specific bubble's debris

was within the vicinity of the trap at the time of closure.

The procedure and results for the testing of the sample
removal vacuum system are given in Appendix B. The average amount
of particles 10st by the vacuum system was determined to be 8.52 %
of the initial sample placed in the trap. The maximum error uas
8.93 Z. The error from the vacuum system is therefore considered

to have an insignificant effect on the data obtained.
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- CHAPTER III

", EXPERIMENTAL PROCEQURE

-

N
Eluidized Bed Confiouration

{ The M.I.T. atmospheric fluidized bed, in which the sampling

‘ device uas used, is a model of the 20 MU atmospheric fluidized bed
combustor prototype, jointly sponsored by the Tennessee Valley
futhority and the Electric Pouer Research Institute. Thé
fluidized bed model is described in Lord et al (15] and Jones et

; al [168]. Uhile using the sampling apparatus, a different heat

. ' exchanger tube bundle configuration was used than is described in

= ones et al [16]. The heat exchanger configuration used is shoun

E in Figs. 9 and 10.

3 |

h The heat exchanger used during this work is made of 1.26 cm

Ef (0.5 in) 0.D. tubing arranged in 4 rows of 22 pipes each. The

E tubes are aligned as showun in Fig. 10. Each pipe is spaced uith

; a vertical center to center distance of 5.08 cm (2 in) and a

EE horizontal center to center distance of 3.91 cm (1.5 in). The

; distance from the distributor to the center of the upper mast tube
is 27.82 em (10.875 in). A S5.08 cm (2 in) spacing separates the

E front and back walls of the fluidized bed from the end tubes of

% the bundel. The cross sectional area of the bed is 1.879 sg m

\ (11.61 Sq Ft). The particulate material used in the bed is a

ae
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mixture of steel grit abrasive having a specific gravity of 8.1.
’ Appendix E lists the size distribution of the steel pgrit used
during the sampling ogeration. The bed was operated uithout
recycling the fines captured in the cyclones. The static bed
height of the material was 22.54 cm (8.87S in) throughout the data

collection period.

Fig. 11 shous the placement of the sampling device inside
the fluidized bed. The sample trap was positioned such that it
> was directly over a spacing betueen tubes [272.86 cm (3 in) from

the center of the front-most tubel and 41.91 cm (16.5 in) from the

PRSI

left wall. The height of the sample trap ahove the distributor
was varied during the sampling procesé as discussed in the section

on sampling procedure.

Fig. 12 shous the éiacenent of the bubble probe and the
anemometer probe with respect to the sample trap. The bubble
probe uas placed directly belou the sample trap and 26.57 cm (10.5 .
in) above the distributor. The probe extension uas placed at an
angle so as not to interfere with the sample trap operation. To
protect the anemometer uwire from particles impacting it, a special
shield consisting of # 320 mesh screen and an aluminum frame was

placed around it. The anemometer probe was attached to the bukble

probe extension with the entrance to the anemometer probe 29.21 cm

P A}

(11.5 in) above the distributor. This placed the entrance to the
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Sample Trap-b[]

Front

(a) Right Side of Heat Exchanger Tubes

Fh___. 41_9.____* Bubble Probe

Extension

1 . -

Sample Trap

Bubble and

‘(,f”'ﬂnenoneter Probes

—

Left Right

{(b) Front of Heat Exchanger Tubes

Fig. 11 Position of Sample Trap, Bubble Probe,
and Anemometar Probe Above Heat Exchanger
Tubes. All Dimensions in cm.
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anemometer probe 2.5%4 cm (1.0 in) auay from the center of the
sample trap and 8.64 cm (0.25 in) outside the area directly below
the sample trap. As a result, the probe has a minimunm effect on
the air flou from the bed to the sample trap, but will only
measure the gas velocity at the edge of the sample trap perimester.
The positioning of the tuo probes above the distributor remained

constant throughout the sampling evolution.

Fig. 13 is a block diagram shouing the equipment used during

== the sampling operatiaons and their interconnections . Table 1 is a

listing of the equipment used. The oscilloscope time base uas set
for MANUAL TRIGGER, SINGLE SUEEP mode and a sueep time of SO
ms/div. The channels of the dual trace amplifier were set at 5
volts per division for the bubble probe and Z vaolts per division
for the sample trap iﬁputs. On the differential amplifier, one
channel uas not used and the second channel uwas set at 1 volt per

division for the anemometer probe input.
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Fig. 13

Anemometer

Anemometer Probe

Block Diagram of the Equipment Used

During the Sampling Operations.
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Oscilloscope TEKTRONIX 5111 Storage Oscilloscope
TEKTRONIX SALI8N Oual Trace fAmpl
TEKTRONIX SAZIN Differential Ampl
TEKTRONIX SBiON Time Base

t. Anemometer Thermal Systems Inc.

1951-2 Monitor and Pouwer Supply
1054-A Linearized Anemometer
Anemometer uire w/ #320 screen guard

.Optical Signal Detector

Optical Signal Detector Power Supply

Optical Source and Pouwer Supply

Oscilloscope Camera

Listing of equipment used during particle sampling
operations.
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To determine the fluidization conditions within the bed, a
set of manometers uere used. These manometers measured pressures
within the bed, at heights from 4.13 cm (1.6Z2 in) to 37.15 cm
(14.62 in) above the distributor, in 2.54 cm (1 in) increments.
The pressure data corresponding to each trap position and bed

velocity is listed in Appendix I.

“*-~ To determine the gas flouw conditions within the bed, an
orfice flow meter with 10 - 1/2D taps uas located upstream of the
distributor. The computer program listed in Appendix G was used
to conve;t the pressure tap data to mean air velocities within the

bed.
Sampling Procedyre

Data was cgllected for four (4) mean bed velocities at six
(68) different sample heights. The sample trap was placed at a
given sampling height (measured from the distributor to the bottom
of the trap), and ten (10) samples were collected at each desired

velocity. The trap position was then changed to a new height.

During certain sampling conditions, those which involved low
sampling heights with the higher air velocities, the paddle arms
would occasionally impact the sides of the sample trap and not

close the sample trap completely. It is assumed that this occured
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uhen a large bubble erupted directly under the paddle arm and
deflected the paddle arm into the side of the trap. Uhenever this

occured, the trap uwas de-energized and the closuce cycle repeated.

Each time the height or velocity was changed, a complete
sampling cycle was conducted and this sample discarded. This uwas toc
prevent any accumulation of particles (in the entrance to the
vacuum or purge lines on the sample trap) from being added fo the

first sample at the neu height or velocity.

For each set of data at a given height and velocity the

follouing information was recorded:

1) Fluidized bed height above the distributor
determined visually and by pressure measurements.
2) Pressure upstream of orfice plate (P1)
- -- 3) Pressure-difference across orfice plate (delta P)
4) ﬁir.tenperature in bed |
5) Pressure distribution in bed

6) Height of sample trap above distributor
The following procedure was used during sampling:
For each sample to be taken within a data set.

A. Initial conditions

1) Vacuum air supply OFF

2) Sweep trigger on oscilloscope RESET
S0




3) OQ-scope memory ON-CLEAR
4) Solenoid pouer supply suwitch Sl OFF
S) Solenoid trigger switch 52 ON

B. Sampling Procedure

1) Trigger oscilloscope sweep and wait until sueep

is at the center of the CRT.

2) Close the Solenoid power supply switch S1. WUhen
S1 is shut, the oscilloscope will shou an
additional trace. This third trace is used to
determine the closure time relative to the
presence of gas jets and bubble eruptions. An
example of a typical oscilloscope trace is shoun

in Fig. 14.

3) Open the solenoid trigger switch S2Z. This
reduces the current to the solenoid to prevent
overheating. The maximum allowed time to let S2

remain closed is five (5) seconds.

4) Turn on the air supply to the vacuum system and
leave on one (1) minute. The exhaust air from
the venturi on the vacuum system must be dicected
into the purge line in an oscillatory manner.

This will agitate the particles within the tcrap
S1
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Actuation Time of Solenoid
Fig. 14 Typical Oscilloscope Trace Obtained
Buring Sampling Operation.
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s0 as to move them into the vacuum line.
S) Turn off the vacuum air supply.

6) Turn off the solenoid pouwer supply suwitch Sl.

7)) Remove sample from sample container and place in

h specimen bottle.

8) Photograph trace on oscilloscope.

9) Repeat from A.

| An

Sample Weight Determination

Each sample obtained was weighed, using a Torsion Balance Co.
TORBAL scale, to an accuracy of 0.01 grams. The average value and
standard deviation was then determined for each set (specific
height and velocity) of samples. The ueight of particles in a
completely filled sample trap was also determined for void

determination. These results are listed in Appendix I.
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Determination of Particle Size Distribution

To determine the particle size distribution which occurs at
various heights for a specified gas velacity, three (3) samples
from each set of data at a specified height and velocity, and from
the bulk bed material uvere analyzed using a Zeiss Videoplan 2
Image analyzer. The softuare used was the "Image Analysis System

MOP-Videoplan" distributed by KONYRON Electronics Group.

For each sample selected, a microscope slide uas prepared

using double sided adhesive tape on which a portion of the
selected sample was placed. To ensure a sharp contrast was
achieved, each slide was backed with white paper. The sample uas
then placed under a Zeiss microscope to which tge image analyzer
was connected via a vidiocon tube. The magnification used was
SO0X which provided an average vieu of about 8 particles at a
time. The analyzer was then used to analyze the partices present
on each slide of interest. The mode in which the image analyzer
uwas used uwas the equivalent diameter mode. This mode determined
the cross sectional area of each particle sampled and calculated
the diameter of a circle with the same area. Uhen a data set uas
completed, the data was analyzed for particle size distribution.
The resulting output (Appendix J) consists of a particle count vs
particle size histogram, a cumulative frequency plot and a

classification data list. A gaussian distribution fit for the

data is also plotted on the histogram and cumulative frequency
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- plots. The X axis of the plots are normalized with a range of
% zero (8) to four (4). To determine the actual diameter of the
2 particle in microns for a given normalized value, the normalized

X value must be multiplied by the conversion factor 248.887.
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CHAPTER 1V

Introduction

This chapter descibes the theory, logic flow and testing of a
particle trajectory computer model to predict the particle loading
in the freeboard due to erupting buubles. The program, listed in
fippendix L, is uritten in HP BASIC 2.8 and was run on a Heulett

Packard 3816 microcomputer. The output from the model is discussed

in chapter VI and conpafed with experimental results. An in depth

» analysis of the program logic and structure is given in Appendix L.
- ] Th

The model developed here, is based on calculating the

[~ trajectory of a single particle as it is ejected from the bed
y.

surface and is acted upon by gravitational and drag forces. The
drag force is due to the difference in absolute particle and air
velocities. The air velocity is a combination of the initial jet
velocity produced when a bubbhle bursts, and the superficial bed
velocity. To ensure that the particle drag is calculated
accurately, the following drag coefficient correlation given by

White (17] was used.
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Ccd
Re

Drag coefficient for sphere
Reynolds number

Eqn 3 is valid over the range O(Re(los. To calculate the
particles position and velocity, the computer uses a foruard
difference method. Using Neuton's Lau (EF=ma) the acceleration of

the particle due to gravity and drag is determined. Inserting

this acceleration into Eqn 4, the particles neu velocity is

determined.
N
. V=Vo+at (4)
N
where:
V = Particles neuw velocity
) Vo = Particles present velocity
: a = Acceleration of particle
. t = Time increment of calculation

; To determine the particles neu position, the velocity

calculated in Eqn 4 is inserted into Egqn S.
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H=Ho+ (Vo+ V)t
y4 (9)
whera:
H = Particles neu height
Ho = Particles present height
Vo = Particles present velocity
V = Particles neu velocity
t = Time increment of calculation

Using Eqns 3,4,and 5, the trajectory of the particle is calculated

from the time it initially leaves the bed until the time that it

returns to the bed. ol

These calculations are repeated over a range of particle
. diameters from 8@ to 570 microns. By determining the residence
time of e?ch particle uwithin a specified height increment (4 H)
above the surface of th; bed, a particle density distribution
above the bed is determined. The height increment (A H) used in
the program is 2 cm. At the end of each time step uhen the height
calculation (Eqn S) is completed, the counter representing the
particular 2 cm height increment which the particle is in, is
incremented by one. Each particle size has its oun set of

counters to allow individual particle analysis.

The calculated density distribution is then weighted uwith the

particle size distribution of the bulk bed material since the

. sg
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probability of a given size particle being present at a specified
height is dependent upon the number of particles within the
system. This is accomplished by multiplying each height counter
of a given particle size with the number of particles for that
given size present in the input bed distribution. By summing the
density values for each set of particle diameters at a given
height over the entire freeboard of the bed, the overall particle

density above the bed surfaceé is determined.

The model assumes that all the particles are ejected
perpendicular to the surface of the hed and are initially at a
uniform velocity. Because the model uses single particles for the
analysis, the effects of multiparticle interactions are not

included in the model.

Jesting of Proaram

To evaluate th; validity of the program, tuo tests were
conducted. The first test compared the height solution produced
by the computer with a closed form solution. The second test
invalved running the grogram uwith different particle diameter and
particle distribution height intervals to ensure that a valid

sample size was being used.
Closed Faorm Solution

To determine a closed form solution for particle height as a
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function of initial particle velocity and superficial velocity Uo,
a force balance uas used. The forces acting on a particle are
gravitational and drag. The gravitational force, F1, is simply
the volume of the particle multiplied by the particles density and
the gravitational acceleration, and can be written as:

+

3
Fl=- BaWD g
e (8)
where:

F1 = Force due to gravity

Pp = Oensity of particle
- D = Diameter of particle

Q@ = gravitational acceleration

»

In order to get a closed form solution that did not involve

non~linear differential equations, Stokes flow was used for the

hl closed form solution only. - The computer model used the Stokes
{ equation anly ta compare results with the closed form solution,
f: aftervard, Eqn 3 was used. Using the Stokes drag coefficient

relation, the drag force on a particle can be determined as:

F2=3(Uo-Up)/uD 7
where:
F2 = Force due to drag
Uo = Superficial bed velocity
Up = Velocity of particle
, = Absolute viscosity of air
D = Diameter of particle
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By inserting Eqns 6 and 7 into Neuwton's Law (T F=ma) and

simplifying, the following differential equation is obtained:

X +Cl X=c¢C2 (8)

where:

[
$

Acceleration of particle

X = Velacity of particle
Cl = 18

Pp O
C2=ClUo-g

boundary cdnditionsz .
= 1) t=0 X=Uo
Z) t=@ X=0

This second order linear differential equation can be
solved using the given boundary conditions with the resulting

closed form solution given as:
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X=CIT+C2 t-C3exp({ -C1 t}
C1 (8)
uhere:
X = Height of particle
c3 =

Uo - CZ1 L
ci1]

Using the initial conditions listed in table 2, the solution
obtained using the computer model (maximum height= 15.270 cm, time
to .maximum height= 8.275 sec) uas identical to three decimal

places uith the solution obtained using Egn 3.

TABLE 2
Superficial Velocity (Uo): 60.96 cm/s (2 ft/s)
Initial particle velacity (Upo): 304.8 cm/s (1@ ft/s)
Particle diameter: 200 microns
Particle density: 5000 kg/n3
Time increment (computer): 0.001 sec
Jet velocity: 0.0 cm/s

List of parameters used to check computer
calculations ugainst closed form solution.




Sample Size Sensitivity Test

To ensure that appropriate sample sizes uere used to minimize
errors due to coarse sampling intervals, tuo sensitivity tests
uere run. One test involved changing the particle diameter
interval from 10 microns to S microns. The second test changed
the height sampling interval (A H) from 2 cm to Scm and then 1 ca.
For each of the tests, the same initial conditions were input into
the program. Table 3 shous the resulting output from the program

listing the initial conditions and the resulting diameter versus

- -

maximum height data calculated. Fig. 15 shous & plot of the
calculated maximum height vs particle diameter data listed in

- .table 2.-- Fig. 16 shous the bed particle distribution used for
esach of the tests.

Fig. 17a shous the entrainment calculation using a diameter
interval of 1@ microns and a A H of 2 cn.. Fig. 17b shous the
same calculation using a diameter interval of 10 microns and a A H
of 5 cm.

The curve is not as smooth but still retains the same

general shape. The peak of the curve shoun in Fig. 17b occurs at

a height of about 20 cm uhereas the peak in Fig. 17a occurs at
about 16 cm. A semi-log plot of these curves would shouw that the
slope of the line to the right of the peak would be larger for the
17b.

data represented by Fig. The effect of maintaining AH at S

cm but decreasing the diameter interval to 5 microns is shown in

Fig. 17c. There is no readily detectable difference betueen Fig.
63
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A

cm/s

Mean Bed Velocity= 57.912
o . Initial Particle Velocity= 97.2312
Peak Jet Yelocitys 609.6
- 6as Jet Duration= .02 s
IS Maximum “Max Ht R Maximum Max Ht
Diameter Height Time Diameter Height Time
um cm seconds um cm seconds
- 890 Sa.!l .282 90 7.0 .290
100 57.2 .297 110 S8.8 .302
120 55.8 .305 130 S4.4 . 307
140 82.7 307 159 50.8 .385
o . 160 48.8 - .303 _..170 46.8 .299
- - . 180 44.7 .295 190 42.7 .290
200 40.7 .285 210 .38.8 .289
. 220 37.9 . .275 230 35.3 L2709
240 33.7 .264 - 250 32.2 .259
. 260 30.8 .254 -270 29.5 .249
280 28.2 .245 290 27.1 .240
300 26.1 .2386 310 25.1 .232
320 24.2 .228 330 23.3 .224
349 22.5 .220 350 21.8 .217
360 21.1 .213 .. 3709 20.4 .210
- 380 19.8 .207 390 19.2 .204
400 18.7 .201 410 18.2 .199
420 17.7 . 196 430 17.3 .194
449 16.3 .191 450 16.5 .189 )
460 18.1 .187 470 15.7 .188
480 1.4 .183 4390 18.1 .181
500 14.8 .179 510 14.5 .178
g29 14.2 .176 530 14.0 .174
540 13.7 173 S50 13.8 171
S80 13.2 170 70 1Z.2 .168

Table 3 Listing of Input and Resulting Maximum
Particle Heights with Time to Maximum
Height. Thes Values Were Used During
the Increment Sensitivity Tests.
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17c and Fig. 17b. In Fig. 17d, the effect of changing AH to !
cm and diameter spacing to S microns is shoun. The difference
betuween Fig. 17a and Fig. 17d is barely noticable and no
detectable change in the slope to the right of the peaks is
present. As a result of this analysis, the program uas operated
with a AH of 2 cm and a diameter interval of 1.0 microns. This
reduced the calculation time to half of that required uhen using a
diameter spacing of 5 nicrons uhen the same total diameter span
was used and,” as uas séeén In Figs. 17a and 17d, the difference in

output does not require the finer increment.
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CHAPTER V

MENTA I
Min E v t

- -,,;“_,,. . Fig.....18..is a plot. of mean bed velocity (Uo) vs pressure drop
through the bed (Phb). The velocity values uere determined using
tbg program in Appendix 6 and the pressure data listed in Appendix
I. From this plot, the minimum fluidization velocity (Umf) for
the bed conditions used during this séudy is determined to be @.15

m/s (0.5 Ft/sec).

Entrainment Analysis

.. . .Table 4 lists the averaged sample weights and their standard
- - - deviations for the samples (Appendix I) collected by the sampling

apparatus. Looking at the standard deviation of the sample
groups, the standard deviation is fairly large compared to the
average values. However, visual observations of the fluidized bed
in operation would suggest that a larger standard deviation would
be expected. The short sample cycle (Z ms) and the bubble burst
activity in the bed are the main reasons for this conclusion. The

average standard deviation is 29 I of the average sample weight
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and the range extends from 68 I of the average for the sample set
rumbers (06 thru 115 to only 7 X of the average for the samples
28S thru 295. This variation is believed to be due to the nature
of the bubble activity within the bed. It would appear that when
a bubble erupts at a time just prior to closure of the trap, a
sample weight greater than the average would be obtained.
Houever, when no bubble has been present, the material caught by
the trap should comsist mainly of particles returning to the bed
mrrriaes 5w =aioc "and therefore he ‘helow the average uéight caught. Table 4 also
shous the density of each ;anple collected. These values uere
determined by dividing the averaged sample weights by the volume

of the sample trap which is 43.02 cubic cn.
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Superficial Bed Velocity (Uo):
Non-dimensionalised velocity (Uo/Umf): 3.81

§8.1 cm/s (1.90S5 ft/s)

Sample Height Average Standard Average
Numbers Above Bed Veight Deviation Density
(em) (grams) (grams) (grams/cm )
286-298; == 1 3. B.=1 7.22=3 =917 8.51 1.68 (-01)
248-255~ 7.8 7" 4.48 - T 8.2 1.04 (-01)
116-12S 12.4 2.41 @.76 S.60 (-a2)
166-175= . -17.8 - 1.8~ --——'- @.16 2.51 (-02)
786-85 2.2 1.32 0.23 3.07 (-92)
176-185 31.1 0.31 ) .10 7.21 (-@3)

-

Superficial Bed Velocity (Uo): 48.3 cm/s (1.585 ft/s)
Non-dimensionalised velocity (Uo/Umf): 3.17

Sample o Height Average Standard Average
Numbers Above Bed - Weight - Deviation Density
{(cm) ’ (grams) (grams) (grams/cm )
276-28S S.1 4,35 1.05 1.01 (-01)
236-245 8.9 1.88 .22 4.37 (-02)
96-105 13.6 1.36 0.32 3.16 (-02)
156-185 19.1 90.60 9.12 1.39 (-82)
56-65 24.1 9.92 @.36 2.14 (-@2)
186-195 31.8 0.18 0.04 4.18 (-03)

Superficial Bed Velacity (Uo): 39.5 em/s (1.297 ft/s)
Non-dimensionalised velocity (Ua/Umf): 2.59

Sample Height Average Standard Average
Numbers Above Bed Weight Deviation Density
(cm) {(grams) (grams) (grams/cm )
266-275 s.7 1.31 0.37 3.95 (-02)
226-235 3.5 2.82 .17 1.44 (-02)
126-135 14.3 8.28 0.08 6.51 (-43)
136-145 19.7 0.08 0.04 1.86 (-03)
86-95 24.8 0.09 0.95 2.09 (-03)
196-205 32.4 @.06 @0.02 1.39 (-03)
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j TABLE 4 (cont)
¢
b Superficial Bed Velocity (Uo): 35.4 cm/s (1.161 ft/s)
j Non-dimensionalised velocity (Uo/Umf): 2.32
'
{ Sample Height Average Standard Averag=
Numbers Above Bed Weight Deviation Density
L {em) (grams) (granms) (grams/cm )
N 256-265 6.4 0.53 0.13 1.46 (-02)
- 216-225 - 1e.2 . 0.32 .04 7.44 (-03)
115 2.5 7. 1061157 0 © 14,9315 - 9.22 11 i—F3+0.15 -~ 8.11 (-83)
’ - 146-155 - ze.3 - e.e27— -~ @.01 4.65 (-04)
) 66-7% 26.0 0.12 0.94 2.79 (-03)
N - 206-215-- 33.0— - a.0f - 0.004 2.32 (-04)
“w
List of experimental data shouing sample averages, standard
: deviations, heights, and velocity conditions measured.
. v Density values are calculated by dividing the average sample
- s . weight by the sample trap volume.
: : C . Fig. 19 shous the relationship betueen the average particle
density caught in the sample trap and the sample trap height above
i the bed surface as a function of Uo/Umf.
3 For the relatively low fluidization velocities used during
) the data measurements, (naxinuﬁ Uo/Umf = 3.81) the freeboard
; height can be assumed infinite. Using this assumption implies
that all of the particles return to the bed and none are
elutriated, ie complete reflux. Under these conditions, the
X following equation has been suggesiecd by Lewis et al [3] and Kunii
o
f and Levenspiel [1] to model the particle loading within the
- freeboard.
: 72
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3 Fig. 19 Plot of Particle Density vs Freeboard Height
- as a Function of Uo/Umf. This data was
: Obtained Using the Particle Sampler.
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Pr Po exp{-a 1} (10)

uwhere:

Particle density at height 1
Particle density at (+)bed surface
Characteristic particle decay length
Height above bed surface

[ ]
[ I I )

Table 5 shous the values for the parameters Po and a obtained

by linear regression for the curves shown in Fig. 19.
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TABLE S
Uo/Unmf Po a Correlation
Coefficient
3.81 8.238 9.1087 0.979
3.17 @.137 8.1029 0.944
2.588 @.240 9.1181 8.337

. ..2.32 -.0.031  0.1333  0.857

Pr = Po exp{-a 1}
Results of linear regression analysis for particle

loading density (grams/cm ) vs height above the hed
surface (cm).

.The parameter Po physically represents the particle loading
density which would be obtained if the sample uere taken at the
surface of the bed. This is not necessarily the case as is
indicated by the computer model which is discussed in chapter VI,
but is only a parameter descibing the particle loading
distribution in the region of the data obtained. The dashed lines
belouw freeboard heights of 4 cm indicate the region in question.
The parameter a is a characteristic length of decay for the

particle flux.

A correlation between the values for Po in table & and Uo/Unmf
is shown in Fig. 29. This plot shous that Po is closely related

with Uo/Umf. Po variss with (Uo/Umf - 1) approximately to the 2.9
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Fig. 2@ Plot of Po vs (Uo/Umf -1) Showing Strong
Oependence of Po on Uo.
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X pouer, uvhere as Ualsh et al (10] determined the coefficient to be

about 2.1. Uen and Chen [5] reported a correlation for particle flux

= e %t

uhich is proportional to bubble diameter and {Uo/Umf - 1) to the

1
.

S/2 pouwer. These correlations are listed in table 6.

l‘l ‘l

3

- TABLE 6

i
)4I‘

Fresent work . B =04 'Présentruork:i: B -0.13 (Uo/Umf - 1) " kg/ m sec

Wen and‘Chen B

1.34 (84) (Uo~Unmf) kg/ m sec

O i
. B
"

Ualsh et al B 18 (Uo - Umf) kg/ m sec

; - Comparison of least sguare fit relations for Po
as functions of Uo and Umf.

The differences in these correlations are due to the

5 different bed configurations in which the data was taken and the
- measurement technique used. The present uwork utilized a bed with
y a relatively closely spaced tube configuration and steel grit

o (S.6. 8.1, median size 230 microns) for the bed mass. Both
ascending and descending particle fluxes were captured in the
sample. The work of UWalsh et al (10], used a bed with tuo (2)
widely spaced horizontal serpentine tubes and Ottawa sand (S.G.
2.8, median size 755 microns). Also, only descending particle

{ flux was used in determining their relaticns. The correlations of
. Uen and Chen [5) are a result of studies conducted on previous

research using cylindrical column heds and louw mass bed materials

™
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(S.6. 0.8 - 2.68). The data for these analysis is based mainly on

pressure measurements.

It has been observed by Leuis et al [3] and Wen and Chen [SI]
that a is not a strong function of Uo. Both of these studies
recommend that the characteristic particle decay length, 1l/a,

could be approximated by an expression of the form:
1/a = C Uo ’ (L)

Table 7 is a list of correlations obtained by other studies

and in the present work. The study by Leuis et al (3] uas

. . conducted with 75 micron glass spheres in a cylindrical bed. Fig.

21 shows the relationship betueen i/a and Uo in the present work.

TABLE 7
Present work 1/a = (9.19 + 0.83 s)Uo m
Leuwis et al 1/a = (1.4Z + @.14 s)Uo m

Uen and Chen 1/a = (.25 + 9.09 s)Uo L]

Walsh et al 1/a (0.32 + 0.0S s)Uo m

Comparison of least square fit relations for
1/a as functions of Uo (m/s).
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Two methods for determining particle size distribution uere
used. The sieve method, described in Appendix E, was used for bed
material analysis only, due to the small sample sizes obtaincd from
the trap. To analyze the small trap samples, an image analyzer

was utilized. The procedure used with the image analyzer is

described in the experimental procedure chapter.

The sieve data representing bed mass as a function of
pgfticle size, is listed in Appendix E. Fig. 2Za shous the bed
mass data converted to particle number as a function of particle

.. ._ . _diameter uhere the interval of particle diameter betwueen

i e . . _successive measurements is 1@ microns.  These plots are faired
from the data listed in Appendicies E and J. Fig. 2Zb shous the
bed mass distribution. The conversion from a mass distribution to
a particle number distribution was calculated assuming that each
particle uas spherical in shape. The volume corresponding to a
given particle diameter was multiplied by the particle density to
get a uait particle mass. The mass fraction of the sieve analysis
corresponding to the specified particle diameter was then divided
by the unit particle mass to obtain the representitive particle
number. The overall resulting particle rnumber distribution curve

was then normai:zed with respect to a maximum value of 1020.

The particle si1ze distribution data obtained from the image
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Fig. 22 Particle Size vs Mass distribution
and Particle Number of Bed Material.
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analyzer is listed in Appendix J. The image analyzer uas used to

analyze the bed mass and sample data from the Uo/Umf = 3.81 data
set. The bar graphs and the cumulative percentage plots shou the
rumber of particles vieuwed by the image analyzer plotted as a

function of normalized particle diameter.

Fig. 2Za shouws a plot of the particle number distribution as
a function of particle diameter as determined by the image
analyzer. The data is normalized with respect to 16@ and is
compared with the data as determined by the sieve analysis. The
descrepancy betwueen the tuo plots can be explained by the methods
u§g§ to determine the respective data. The analyzer first
determines the cross sectional area of the vieuwed particle. A
i an e —— . Circle, -having..the. same_cross _sectional area, is then calculated.
it - This results_in averaging the smaller minimum digneter with the
-« . .. . larger maximum diameter of all particles with long cylindrical or
ellipsoidal shapes. In the sieve houwever, a large portion of the
particles will pass through the sieve screen by means of the small
cross sectional area presented by their longitudinal direction.
To be consistant in the following sections, the image analyzer

data wiil be used to correlate all particle density distributions.

The particle size distribution as a function of height above
the bed surfaces was evaluated using the data collected at Uo/Umf =
3.81. The image analyser was used to determine the distribution
by viewing three (3) random samples from each of the six (B)

height positions. Table 8 lists the various statistical values
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for the particle size distribution data obtained (Appendix J).

TABLE 8
Freeboard Average Median Mode Oi ameter at
. Height Diameter Diameter Diameter S@X of
N Curulative
- . Number
N Distribution
{cm) (microns) (microns) (microns) (microns)
3.8 199 19z 142 159
7.8 219 214 187 203
12.3 204 189 162 187
17.8 179 164 154 179
22.2 197 179 182 177
TU31.1 212 197 194 130

_ Staistical values for particle number distribution
R e ot as @ function of _freeboard height. A complete
’ listing of the data is given in Appendix J.

Fig. 23 shous these values plotted against the bed height at
which they uere taken. The excursion of points at the 7.6 cm
height is assumed to be due to analysis error. The linear
regression lines for the average and median values shou that they -
are weak functions of coliection height. For the particle
diameter values representing the mode and the S0% point on the

cumulative percentage plot, the linear regression lines shou a

stronger dependence on collection height.
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Oscilloscope Trace Analvsis

Figs. 24 thru 27 shou examples of the oscilloscope traces
given in Appendix K. Figs. 24 and 2S represent the traces
obtained during low Uo coditions. Under these conditions, the
normal bubble probe output is high (+ S volts dc). UWhen a bubble
errupts, particles are throun from the surface of the bed and
eclipse the light path at the tip of the probe (trace goes to
zero). Figs. 26 and 27 represent the traces obtained at higher
Ug_;onditions when the bubble probe is normally eclipSﬁ? (bubble
probe output is low, zero):by particles. The presence of a bubble

- .- -. - is detected by a high_output from the bubble probe due to the
'buhblé creating a void through which the light bgan can pass. The
anemometer output just above the bubble probe is used to determine
the velocity of the gas jet leaving the erupting bubble. As seen
in the figures, there is not aluays a bubble associated with a gas
jet and vice versa. This is due to the anemometer probe being
slightly offset from the bubble probe as described in the

experimental procedure section.

The gas jet in Fig. 24 is delayed 5 ms and the gas jet in
o - Fig. 2S5 is delayed 35 ms from the point where the bubble traces
begin their excursion to the zero (eclipsed) condition. Since the
seperation betueen the bubble probe and the anemometer is 1 cm,

this results in an estimated jet velocity of 200 cm/s (Fig. 24)
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Fig. 24 Oscilloscape Trace of Bubble Probe,
Anemometer Prohe, and Solenoid
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Fig. 25 Oscilloscope Trace of Bubble Prabe,
Anemometer Probe, and Solenoid
Actuation at Low Uo.
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Fig. 26 Oscilloscope Trace of Bubble Probe,
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Fig. 27 Oscilloscope Trace of Bubble Probe,
Anemometer Probe, and Solenoid
Actuation at Higher Uo.

87




MRS St S - w R S T S i AR e el w S iy e

and 28 cm/s (Fig. 25). Using the calibration curve in Appendix
M, the velocities are determined to be Si8 cm/s for the jet in
Fig. 24 and 792 cm/s for the jat in Fig. 25. The large
difference in these values could be due to a bulge in the bed
surface from the bubble underneath eclipsing the bubble probe.

If this is the case, there uau}d be a delay betueen the time at
uhich the bubble probe was eclipsed and the eruption of the bubble

from the bed surface.

.  , | An analysis of Figs. 26 and Z7hresuits in the same
discrepancies betueen velocities calculated from delay times and
ng§sured by the anemometer probe. Fig. 27 shous another phenomena
which occurs quite frequently. The gas jet appears before the

TrmoxEszmamssc —suEvbubble isrdetactedax;Thete=aéansevenal possibilities which can

explain these occurances. First, the bubble occurs off center
from the bubble prohe. Under this condition, the bubble may erupt
and initiate a jet uwhich is registered.by the anemometer. The
bubble then continues to rise and the side of the bubble is

- - registered by the bubble probe. This explanation can be altered
to include bubbles coalescing below the surface. Under this

condition, a bubble may be pulled into the vortex of an already

erupting bubble and it eclipses the bubble probe.

An analysis of the jet velocities and durations for all the
irem=: -w--oo .- -oscilloscope traces in Appendix K, resulted in the data listed in
table 9. In later calculations, the values to be used for the jet

velocity and duration will be 609.6 cm/s (20 ft/s) and 20 ms

88




respectively.
TABLE 9

f iverage Stnd Oev

-, Jet Velocity 683 cm/s 8§33 om/s
Y 22.5  ft/s 18. ft/s
) Jet duration 21.25 ms 13.22 ms

:j Average and standard deviation of jet velocity
. determined from oscilloscope traces in

Appendix K.

Sample Ueight Versus Bed Activitv ggrﬁglgtign

- -

The main purpose of inserting the bubble and anemometer probe
: ‘1~4#¥-e=+-¢~;~f3;-ﬁeneéthf£ﬁe;sanpitng“appérafhsruas to determine uhether a

correlation exists betueen the sample weight collected and the

presence of bubble eruptions and gas jets. To evaluate the

FLAY

photographs taken of the oscilloscope traces (Appendix K), the

%

fellouwing information was required:

. i)
PR Y Y Y I 3

A. The average velocity of the particles as they

travel from tﬁe bed surface to the trap.

g B. The distance the particle must travel to reach

the trap.

€. The closure time of the trap relative to the
bubble eruptions and gas jets.
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The average particle velocity uwas calculated by determining
the average particle size and using the height output from the
computer trajectory model. The average particle size as

determined by the image analyzer was 188 micons. To determine the

average velocity using the model, the following initial conditions

uwere input to the program:

S7.9 cm/s (1.9 ft/s)

3
s
.
h Superficial velocity (Uo)

This was the actual velocity
measured during sampling.

6@9.68 cm/s (29 ft/s)

Jet velocity (Uj)

This value was determined from
the anemometer data.

Jet duration (t jet) 20 ms

This value was determined from
the oscilloscope traces.

The heaight attained by a 180 micron particle, as determined
by the model uwith the above conditions is 44.7 cm in ©8.295
seconds. This results in an average velocity of 44.7/0.2795 =

151.5 cm/s (4.37 ft/s).

The distance a particle mist travel to reach the center of
the trap from the bed surface is cbtained from the data listed in
Appendix I. Since trap height is measured from the bed surface to

the bottom of the trap, 4 cm (0.13 ft) must be added to the trap
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heights to obtain the distance to the center of the trap. The
total time required for the particles to leave the bed surface and
arrive at the center of the trap can nouw be determined. Table 10
shous the transit time for each set of data for which the

oscilloscope traces were photographed (Appendix K).

TABLE 10

Data Trap Trap Total Time

set Height Height Transit Before
Number Bottom Center Time Actuation

N {cm) {cm) (ms) (ms)

S6-65 24.13 27.13 179 136
86-75 26.03 30.03 198 155
76-8S 22.23 26.23 173 13a
86-95 24.76 28.76 190 147
96-1@5 13.65 17.85 116 ' 73

List of transit times for particles traveling from
the bed surface to the center of the trap. The time
prior to actuation of the sample trap is also shoun
(Total time - 42.68 ms).

The total closure time of the sampling apparatus (closure of
solenoid pouer supply switch S1 until trap is shut) is determined
in Appendix O to be 42.6 ms. This value is subtracted from the
particle transit time to ohbtain the time before actuation in which

particles leaving the bed surface will be caught in the trap.

To determine whether or not a correlation exists between the
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uweight of a sample and the amount of bed activity present in the

bed, a weighted analysis uas used. £ach sample uas evaluated
three ways. First, if the sample ueight was less than the average

sample weight, a weight factor (W) of -1 uas assigned to it. If

o st

the sample weight was greater than the average, a weight factor of
+1 was assigned. Second, the oscilloscope trace uas analyzed at

:: the point corresponding to the "time before actuation" listed in
Table 18. This position is the time before the solenocid power
supply trace is present (Fig. 28). If the trace shoued signs of

a bubble eruption or a gas jet at this point, the position factor

Sl

{p) was assigned a value of +1. If no activity was present, the
pe position factor was assigned a value of -1. Third, each trace uas
analyzed again at the "hefore actuation time" but bed activity
within a +/- 25 ms region was counted. If there was bed activity
- within this region, the region factor (r) uas assigned the value
of +1. If no activity uas present, the region factor uas assigned
- the value of -1. The following equation was used to assign a

. correlation factor to each sample:

[ =]
1}

UWp+Ur (19)

where:
Q@ = Correlation factor

X

. U= +1 if sample is ) average of data set
o -1 if sample is { average of data set
“‘

p = -1 if no activity is present in bed
+1 if bubble or gas jet activity pressent
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e = -1 if no activity is present +/- 2S5 ms
+] if activity is present +/- 25 ms

Table 11 shows the correlation factor for each sample. The
resulting average correlation factor for all samples is 0.3Z.
This value suggests that no correlation can be made betuween the
sample weight and bed activity. There are several explanations
for this. Bubbles not detected by the bubble probe or debris from
previous bubbles returning to the bed surface can influence the
sample weight by increasing the amount of particles collected.
Also, bubbles of smaller size have a smaller velocity and would
therefore produce a particle stream which is either slouwer or just
delayed in leaving the bed surface. This would result in louwer

sample uweights than expected.
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TABLE 11
Sample

Number W p r Q
56 i i 1 2
57 -1 1 1 -2
58 1 1 1 2
S3 -1 -1 -1 2
go 1 -1 -1 -2
B2 -1 1 1 -2
83 1 1 1 r4
64 -1 -1 -1 z
86 -1 -1 1 ]
87 1 1 1 2
63 -1 1 1 -2
79 -1 1 1 -2
77 1 1 1 r4
h 79 -1 1 1 -2
a3 1 1 1 2
84 1 1 1 2
86 -1 -1 1 )
88 1 1 1 2
89 -1 1 1 -z
10 -1 -1: 1 e
92 -1 -1 1 )
33 1 1 1 y4
94 -1 -1 1 )
95 1 1 1 2
96 -1 -1 1 "]
97 -1 -1 -1 2
98 1 -1 1 ("]
93 1 -1 -1 -2
1¢0 1 -1 -1 -2
101 1 1 1 z
102 -1 -1 1 o

Average = 0.32

List of samples and iheir correlation parameters. The
resulting average value for Q indicates that no
correlation can be made from the data obtained to
indicate by sample weight whether or not any bed
activity occured below the sample trap.
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CHAPTER VI

The input to the model consists of the following five (5)

parameters:

1) Superficial bed velacity (Ua)

- . 2) Initial particle velocity (Upo)
3) Peak gas jet velocity (Uj)
4) Gas jet duration (tj)

- 8) Particle distribution of the hed mass

--- The ‘baseline values for each of these inputs uwas determined
to be as close to the actual experimental bed conditions as

possible.
Superficial Bed Velocity

The superficial bed velocity was determined directly from the
experimental data. For the bed conditions discussed in this
section, the superficial velocity used is the same as the highest
velocity condition under which the particle sampler was used.

The superficial velocity within the bed for these samples uas

36
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calculated to be 57.9 cm/s (1.9 ft/s).
Initial Particle Velocity

To determine the initial velocity of the particle, it uas
assumed that the particle uas located at the nose of a bubble and
would therefore have the bubbles velocity. To determine the
bubble velocity, Kunii and Levenspiel [1] give the following

equation:

Y
Ub = 0.711 [g Dbl * + Ua - Unf (11)
where:
Ub = Bubble velocity
Uo = Superficial bed velocity

imiimTr oz s o oUmf 2 _Minimum fluidization velocity
e Db = Bubble diameter
L oEEEITETT = T Tgr = graviatational acceleration

Observations of th.e bed material during the sampling
operation suggests that the average bubble diameter present in the
bed is approximately 6 cm (2.4 in). For Uo = 57.9 cm/s, Unf =
15.2 cm/s and Db = Bcm, the bubble velocity is calculated to be
97.2 cm/s (3.13 ft/s). This value was used as the initial

particle velocity for the base line data.
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) Peak Gas Jet Velocity

To determine an average peak jet velocity, the anemometer
output on the oscilloscope traces (Rppendix K) were analyzed. To
determine the relationship betueen the voltage cutput from the
anemometer (uwhich is displayed on the osciiloscope) and the actual
gas jet velocity, the anemometer uas calibrated in a wind tunnel.
The resylting calibration curve for the anemometer output, as
displayed on the oscilloscope trace, is given in Appendix M. The
average peak velocity of the anemometer traces analyzed in chapter

V was determined to be approximately 699.68 cm/s (20 ft/s).

-

Gas Jet Duration

s nwimmeznin £ =n3mes Tosdetermine:an. average gas:jet duration tiﬁe to use as a
-. baseline, the anemometer traces in Appendix K uere used. The time
duration of each gas jet analyzed is determined directly from the
- oscillascope trace. The average duration of a gas jet uas

determined to be approximately 20 ms in chapter V.,
Particle Distribution of the Bed Mass

Tuwo particle distributions for the bed mass uere available
for use as the baseline data. Both particle distributions were
determined using the same sample but analyzed using different
analysis techniques. The two methods used are the sieve method

and the image analyzer method, both of which are described earlier
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in chapter V. The tuwo distributions are shoun in Fig. 29.

1 s,

The bed distribution determined by the image analyzer uwas used to
be consistent uith the particle distributions measured at various

freeboard heights.

l-.‘l L R B 2

Ivpical Outpyt Using Baseline Pacameters

Fig. 30 shous the resulting maximum particle height obtained _
as a function of particle diameter for the baseline conditions.
The general shape of the curve is determined by the dominating
force acting on the particle. For 1a;ge particles, the dominating
force at these air velocities is gravity. Therefore, momentum
(initial particle velocity) is the controlling factor determining
. the maximum height attained by the particle. As the particle size
- decreases, the proportion of drag force to gravitational force

becomes larger. For the smaller particles, the drag force becomes

AL

the aoninate farce. The result is that the maximum height
- -attained by a particle continues to increase as particle size
decreases. This continues until the value of Uo approaches the
terminal velocity of the smaller particles. At this point, the
: particle is totally dominated by the air flouw in the bed. This is
seen in the small decrease in height attained by particles less
than 110 microns as a result of the particles rapid deacceleration

to Uo after the gas jet has stopped while the larger particles

continue a little higher due to momentum. The particle height

4 ¢ 0

continues to decrease for a short time until Uo becomes equal to
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N or greater than the terminal velocity for the remaining particles.

. These particles would be elutriated from the system.

Figs. 31 thru 36 show the individual particle densities at

. different heights above the bed. All of the heights shou an

increase in particle density for the smaller diameter particles.

: This is the result of the smaller particles falling at their
respective terminal velocities which is slouwer than for the larger
particles. The result is that the smaller the particle velocity,

- . .. - the longer the particle exists within a given height region and
thus, the larger the particle density. It is also due to the

larger number of smaller particles present within the systenm.

- Fig. 37 shows the particle density distribution above the

|
'
i

. t- I .. . bed.. Tﬁe tuwo curves represant the effect of varying the range of
e mamss s - o particle diameters used in the model. The two ranges are 80 - 570
microns and 80 - 1070 microns. The peak of the 80 - 570 micron
distribution is at about 18 cm of bed height uhereas the other
. distribution peaks at about 11 cm.  The region shoun on the graph
s belouw these heights is the area knoun as the splash zone. The
shape of this part of the curve is due to the initial acceleration
of the particles leaving the surface of the bed by the gas jet.
The particles then begin to slow doun due to drag and gravity
resulting in an increase in particle density. The peak on this
curve coincides with the maximum height attained by the largest
particles, and therefore, it can be assumed that the change in

slope is due to the loss of particles as they return to the bed.
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Fig. 38 is a semi-ln plot of the same data as plotted in Fig.

J7. The sharp drop at the right end of the plot is due to

analyzing particles uith a minimum diameter of 8@ microns. Had

. smaller particles been included, the slope would have approached

X zero instead of infinity which would model the elutriation of

\
particles. The slope of the line to the right of the peaks shoun
in Fig. 38, uwhich are located at 11 and 18 cm of height above the
bed surface are the same and are approximately -0.117 grams/cm .
To decrease computation time, the 80 - S7@ micron particle
distribution was used in the follouwing sensitivity analysis as the

decay slapes are ecual.
Model Sensitivity Apalysis

1: mi-icac. .1 Tms == An analysis of. the change in bed characteristics due to a
- .. _ . ... change in one of the five-model input' parameters was conducted.

The parameters changed and the values used are as follows:
E- Superficial velocity (Uo):
Baseline Uo: 57.9 cm/s (1.3 ft/s?

1. 30.5 em/s (1 ft/s)

2. 91.4 cm/s (3 ft/s)

Initial particle velocity (Upo):

Baseline Ugo: 119.2 em/s (3.193 ft/s)

1. B1.9 cm/s (2 ft/s)

182.4 cm/s (S ft/s)
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3. 3es.o
Gas Jet velacity (Uj):
Baseline Uj: B09.6
1. 3@5.90
Z. 457.2
Gas jet duration (tj):
Baseline tj: 20 ms
1. 10 ms
2. 30 ms

Particle distribution of bed mass:

baseline characteristics are:

570 microns.

freeboard heights of:
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. Baseline distribution: Image Analyzer

s i iimiem i eeo.. 1. Sieve analysis data

The bed characteristics which are evaluated: against the

1. The maximum height attained by each particle from 80 to

2. The density of each particle size (80 - 57@ microns) at
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c. 12 em (4.7 in)

d. 18 cm (7.1 in)
e. 22 cm (8.7 in)

f. 31l em (12.2 in)

3. The particle density distribution in the freeboard.

Variation of Superficial Velocity (Uo)

Fig. 39 shous the influence of Uo on the maximum height

-

attained by the particles. As uas described in the previous

section, the larger particles are dominated by momentum and not
- S s~ drag. —This is-shoun in Fig. -39 by the small change in maximum
TE2 1 itemed i T2 s height- attained by the large particles ‘due to a change in Uo. As
-~ .. . the particle size decreases, the drag force hecomes the dominate
St .- " force and the effect of Uo on particle height increases. As seen
in Fig. 39, a change in Uo produces a moderate change in the

ez So. maxirmum height attained by the small particles.

- ’ Figs. 40 thru 45 shouw the effect of Uo on individual
particle densities at different heights above the bed. All of the
heights shou an increase in particle density for the smaller
diameter particles as Uo is increased. This is the result of the
smaller particles falling at their respective relative terminal
velocities which is slouer for smaller particles. A decrease in
the maximum particle diameter present at a given freeboard height

as Uo is decreased can be observed in Figs. 40 thru 45. This
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decrease is due to the decrease in lift given to the ascending
particle as Uo is decreased. As a result, all particles achieve a

louwer maximum height vhen Uo is decreased.

Fig. 48 shouws the effect of Uo on the particle density
distribution above the bed. There is a slight increase in overall
particle density with an increase in Uo. As expected, there is
also an increase in the maxirmum height attained by the particles
with an increase in Uo. Fig. 47 is a semi-ln plot of the same
data plotted in Fig. 46. Table 12 lists the slopes of the lines
to the right of the peak shown in Fig. 47 uwhich is located at

. about 18 cm of height above the bed surface. This table shous an

./

e s« 4. ... increase in.thé-particle distribution slope as Uo is decreased.

TABLE 12
Uo Slope Intercept
cm/s gms/cm gms/cm
30.5 -9.136 7.036
57.9 . -0.117 6.758
g91.4 -9.098 6.473

Effect of Uo on the slope of the
particle density distribution as a
function of height for the
distributions shown in Fig. 47.
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Variation of Initial Particle Velocity (Upo)

Fig. 48 shous the relation between initial particle velocity
(Upo) and the maximum height attained by particles of different
size. This figure also shous that the larger particles are mainly
momentum dependent uhile the smaller particles are drag dependent.
If Upo uwere increased further, the larger particles would contirue
to increase their maximum height. The smaller particles would
approach a height limit which is dependent upon the superficial

velocity in the bed.

Figs;; 49 thru 5S4 show the effacts of increasing Upo an the
individual particle densities for increasing heights. In general,
the individual particle distributions undergo the same relative
changes from the bed surface to the maximum height position. The
difference bci&q the height above the bed surface at uwhich the

particular distribution is present.

Fig. 55 shous the effect of varying Upo on the particle
density distribution in the freeboard. As was noted previously,
the peak density occurs at the point where the largest particles
attain their maximum height above the bed. As Upo is increased,
the curve to the right of the peak becomes shorter and steeper.
This trend will continue until the the effect of the smaller

particles returning to the bed cause the slope to decrease. Fig.
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SE6 is a semi-ln plot of the data in Fig. 55. Table 13 confirms
that the slope is becoming steeper as Upo is increased although
the influence of initial particle velocity on the slope of the

density vs height curve is moderate.

TABLE 13
Upo Slope Intercept
cm/s gms/cm gms/cm
61.0 -9.118 6.958
87.2 -0.117 5.758
152.4 -8.125 8.500
304.8 -a.200 18.2@

Effect of Upo on the slope of the
particle density distribution as a

smmiiser oo ommoize: i function of height for the

distributions shouwn in Fig. 56.

Variation of Jet Velocity (Uj)

Fig. 57 shous the effect on maximum particle height when Uj

is varied. As in the two previous analysis', the influence of

momentum and drag on the different particle sizes is apparent. A

decrease in jet velocity from the baseline value results in a
large drop in small particle height and a small change in large

particle height. This suggests that jet velocity has a strong

effect on the dispersion, or seperation of particies of cifferent

sizes at increasing freeboard heights. Increasing Uj results in a
stretching effect of the particle size distributions above the
121
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bed. One interesting point to note is the loss of the rounded
edge at the heights corresponding to the smaller particles. This
shous the extremely large effect that drag plays when the air

velocity is very close to the terminal velocity of the particle.

Figs. S8 thru 83 shou the effect of varying Uj on the
individual partical densities at varying heights above the bed.

Again, as in the previous parameter analysis, the same

distribution shapes can be seen for each value of Uj, the only

& : difference being the height at which it occurs.

‘i ... Fig. 64 shous the change in particle density distribution as

'; e e u,;,Uinq,yaried.;uﬁig. - 65 is a semi-ln plot of this data showing

- that as Uj is decreased, the slope of the distribution changes

substantially.  Table 14 also shous this effect.

TABLE 14
Ui Slope Intercept
cm/s gms/cm gms/cm
629.6 -0.117 6.758
457.2 -0.207 7.380
Je4a.8 -0.400 7.800

Effect of Uj on the slope of the
particle density distribution as a
function of height for the
distributions shown in Fig. 65.
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N Variation of Jet Duration (tj)

&Y

:: Fig. 66 is a graph showing the effect of varying jet

N duration on the maxirum heights attained by the particles. It is

e easily seen that a small change in jet duration results in a
c....: - . substantial change in particle height. . This effect indicates that

T < oo the distribution present in an actual fluidized bed is probably a

:'. So. -t s 0 statistical average of a rapidly -fluctuating particle distribution

N which is controled by the durations of the jets from the

.- neiﬁhboring bubble eruptions as well as local eruptions.

- et mer et Figs._ B7 thru 72 show the effects on the individual particle

~ .

=1 - density distributions, at different freeboard heights, as a

:: - - - function of jet duration. These figures also show the drastic

S change in density distributions caused by changes in jet duration.

" Fig. 73 shous the particle density distributions above the

- bed as affected by jet duration. Fig. 74, which is a semi-In

plot of the data, shows the drastic changes in the decay slopes.
:: Table 15 also shouws this drastic variation in slope.
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TABLE 1S

tj Slope Intercept
cm/s qgms/cm gms/cm
10.0 -1.971 12.50
20.0 -0.117 6.758
3o.o -0.429 6.234

Effect of tj on the slope of the
- _ particle density distribution as a

function of height for the

distributions shoun in Fig. 74.

:;1;5‘;f;?15*;%fz*?VéEiation of :Particle Distribution in Bed Haés

41Tl oPT showsdie w.o Fig....7S shaus. the.two bed particle distributions used in

this analysis. The determination of these distributions is

ooozzoos o0 - descibed earlier in this work.

Figs. 76 thru 81 shou the effec;s of varying the bed
particle distribuéion on the individual particle distributions at
different heights above the bed surface. Using the sieve particle
distribution instead of the image analysis distribution produces a
shift in the mean particle distribution touwards the smaller

particles. The distributions resulting from the sieve data do not

shift as much as the image analyzer data when the freeboard height
is increased. The small shift in mean diameter exhibited by these

plots is consistant with the distributions listed in fppendix J.

Fig. 82 shows the particle density distributions in the

" .-
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freeboard for the tuo bed mass conditions. The effect of the
sieve distribution (uhich has a much lower average particle
diameter) is to decrease the initial rate at wvhich particle mass
returns to the bed. This is due to the smaller particles having a
mich smaller terminal velocity. This will not only raise the bulk
of the particles to a higher height, but will also increase the

time required for the particles to return to the bed.

e " As discussed in the previous section, the baseline parameters

- -

=t e e e .- Were selected as the experimental conditions present in the bed
uhen sampling at the highest Uo setting. Table 16 lists these

p s ameee . -oo. ——- -haseline parameters again for revieu.

TABLE 18
Uo = 57.9 cm/s (1.9 ft/s)
Upo = 97.2 cm/s (3.19 ft/s)
Uj = B09.86 cm/s (20 ft/s)
tj = 20 ms

Baseline parameters used in computer model.

Fig. 83 shous ithe particle density distribution predicted by
the model using the baseline conditions. Fig. B84 is a semi-log

plot of this same data. A comparison of the slope of the
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. distribution line after the peak value in Fig. 84 with the slope
obtained from the experimental data shows very good agreement
betueen the tuo. This data is also given in Table 17 along with

the data obtained for the other experimental data sets and is

N
: shoun plotted in Fig. 85. The slopes for the model data show a
\] .

steady increase in slope as Uo/Umf is decreased. This trend is
- also followed by the experimental data but is not as smooth. The
Y=l == -k ==rslope of the experimental data is also changing faster than the

slope of the model data. One reason for this is that all the model
S calculations uere performed using the same value for jet velocity

and duration of 689.8 cm/s and 2@ ms respectively. The magnitudes

et wmzs o Lz=zzzoof these: values-should decrease. with decreaseing Uo/Umf, but the
3 values to be used for these different conditions could not be
. _ : determined.
. - TABLE 17
Uo/Umf Experimental Model Diff
Slope Slope 2
. gms/cm gns/cm
- 3.81 -0.1097 -0.117 6.6
) 3.17 -0.1023 -9.123 19.5
z2.99 -9.1181 -9.129 3.2
: 2.32 -0.1399 -80.132 S.8
Comparison of slopes for the particle density

- distributions above the bed as derived from
*

N the experimental data and the computer model.
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'1 Particle Doneity

Ua/Unf
3.81
— - — 317
—-—:——— 2.58

cesreece 2.32

Experimental

/ hd ~ . ~
Experimental

Fig.

85

fFreeboard height (cm)

Comparison of slopes for the particle
density distribution above the bed
as derived for experimental data and
computer model output.
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The slope shoun in Fig. 84 for heights betuween approximately

4 and 18 cm is totally different from the slopes listed in table
17. This is also the louer range in uhich the experimental data
was collected. As uwas shoun earlier, when-the particle
distribution analyzed included particles from 80 - 1078 microns,
the peak uas located at 11 cm. This is the height uhere the
largest particles attain their maximum height and begin to fall

Riadiiat il bl 7+ ~--phack’to the bed.: It-does-not seem 1ikely that including the feuw

et particles present above 1070 microns would totally account for

this discrepancy. Other factors which the model has not accounted
for which may explain these discrepancies is the effect of varying

“lagrains acd chanes jet- velocities and durations which were-shoun in chapter V to vary
greatly, and the effect of particles whose velocity vector is not

'-fx::u:: L. zOE ---perpxndicular to the‘bed surface.~ e

l1aa

,,,,,, O N Tt ATt T AR A
. . et - o IO
e A e '_L '-‘.'~-'_._Lr- e \.;L \_‘- P R OO ORI \{5.&. \‘ o A

o te -...‘ _.__‘-"

wes .

‘9'-‘: Ak

_n.g.nll




“ - O AR P e s AR G . ST IR s i - Ao e U atvh - AL ot shau Ll aevis St Sunih Siatet

CHAPTER VII

Conclusions

Several important conclusions can be made concerning the

particle trajectory computer model and the experimental data.

- -

"ommdevmie Tonvesta - A particle trajectory model, even as simple as the one

_ . . discussed in this work, produces results which closely predict

= = Si-iigeveral-aspects-of particie-activity uithin a fluidized bed. - The

more important predictions include the particle density

distribution in the freeboard and the height distribution of
particles. The results obtained with the current model indicate
that further work on improving the particle trajectory model to
include particle-particle interactions and paticle velocities not

perpendicular to the bed surface is very desirable.

2. The sensitivity analysis indicates that the jet duration
and jet velocity are critical parameters in determining particle
‘loading conditions in the freeboard.  Since these ars constantly
changing from one bubble eruption to the next, a statistical
distribution will be required to accuarately model freeboard

particle activity. The developement of a basic model to predict
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the jet duration and velocity as a function of bubble size, Ua, Unmf,

etc is therefore needed.

3. Particle distribution analysis of experimental samples at
increasing heights above the bed, shou the presence of large
.. particles.  Many of these are above the maximum calculated
trajectory heights for these par#icle sizes. This indicates that
either ghe jet ;elocity or jet dﬁration carried these particles to
these heights, or, particle-particle collisions are present in

rumbers great enough to be important in the analysis.

anplinb?apnarat;;_ééiigﬁesfahambuili'?éf this study

appears to operate satisfactory. The data obtained correlates

uith work done by other researchers and with the computer model.
Houwever, additional uwork is needed to correlate sample size and

particle size distribution with freeboard height.

Recommendations

1. Further experimental Qata is needed at higher velocities
and higher heights above the bed using the sampling apparatus
designed in this work. This will provide additional data to
evaluate the operation of the sampling apparatus and the computer
model. Also, a scals capable of measuring quantities of samples
less than 0.01 grams and a particle removal system which removes
the particles uith less error from the sample trap is necessary

for accurate work.

tap




2. A sampling device uhich has a shorter trap height should
be designed. The present sample trap is very direction oriented
and samples particles traveling only in a narrouw range from the
vertical. This would allou more accurate work to be done in the
splash zone uwhere particles are more likely to he traveling in

directions other than vertical.

3. The computer model needs to have encorporated in it, a
statistical distribution model for jet velocity and jet duration.

This will allow the determination of the effects of varying jet

tvelocity‘and.duratién;dﬁ.paF*iéle’distributions in the freeboard.

4. A correlation for jet velocity and duration as functions

of bubble diameter, Uo, and Umf should be determined and included

in the model.
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APPENDI X A
Moment of Inertia Calculations for Paddles

The calculation of the total Moment of inertia (I) of the
paddles can be broken up into three seperate calculations. First,
..-—-~"‘ “ITR =-=% ~ " the moment’ of inertia-(II) of the two aluminum cylinders used to -
| mount the paddle arms to the solenoid shaft is calculated. The
second calculation (I2), accounts for the moment of inertia of the

. ._ _paddles themselves, which are constructed of a foam, basswood and

r L iEm s e L TETL

=137 i Finally{Zithe:moment of inertia (13) of

4-epoxy?1qu§natp”

the harduood mounting ends on the paddles is calculated.

The following equationé uere used to calculate the mass

moments of inertia:

1nm=p_Hrt
2 (A1)
- 2 HE,
IZ = _L W (L~ ¢+ ) (Pl t1 + P2 t2)

12 (AZ)

13=21utp s+l
12 (A3)

Table A.1l is a listing of parameters reauired for the moment

calculations.
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_ _ Component MKS units

: e TS e S - ’_:hﬂ]"“i‘ m T Ac!:] i BdEE -

Do s et " Density Al P}~ - 2780 kg/n’
Radius (r} 0.8171 =~
Height [H] 0.0381 =
Paddles

_ Density Foam [P1] - .- - 50. _ ;f kq/n’

Density Basswood (P21 =" 4@0 kg/n

_Thickness Foam [t1D.5 ... :0102 n. .. 0.4 ;;ipA~;;;L
N e S =+ #1757 Thickness Bassuwood“[tZT=" ‘@: OOISS_L'"_*—' 9. 0625 G e
T B Length Foam [L1] T 90.5842 m 23.9 in
: : ‘ o Length Basswood {(L2Z] 0.5842 m 23.0 in
e _— - Width Foam [W1] 9.9305S ™ 1.2 in
R S RS Width Basswood (WZ] 0.0305 m 1.2 in
- Harduood
o Density Maple [P] 650 = kg/®°  ©0.8235 1bf/in’
o~ - Thickness Maple (i) 2.0102 m 0.4 in
. Length Maple [L} 0.0432 m 1.7 in
Width Maple (U) 9.0348 m 1.2 in
.. Listing of paddle components and parameters.
l 152
N
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English units

0.1004 1bf/in
9.67S in
1.5 in

8.00181 1bf/in’
0.0144 1bf/in’

,T.._._.;;;‘...,._‘ — =Tl
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Equation (A.1) is used to calculate the mass moment of
inertia for a right circular cylinder rotating about its Z axis
(Fig. A-2). The height H, accounts for both the upper and the
lower solenoid shaft cylinders. Equations (R.2) and (A.3)

determine the mass moment of inertia for a rectangular prism

i mmmar 2rs -V rotating-about: its: X-Y centroidal axis-¢Fig. A-3). The length L
. maesiizEr A0 cwoeessizin equation-AZ:accounts for:-both:ithe upper and louwer paddle
i‘ lengths. The factor of Z in equation (A.3) is because both the

upper and louer harduwood sections are identical and can he

- conbined. By inserting the respective values from Table A.l into

and (ﬂ 3) the value for each inertxa

e e o e

T leerd fallailill emations (A. 1), (A. z>’

LRIl st T .- =

B h_g;;,conponent can be calculated.. ﬂddxng these conponents, the total
mass moment of inertia applied to the solenoid by the paddles is

: B L i - - —.determined.-—Thess results are listed in Table A.2.




hmed uaA AL NS LA E Al A g el G S D Y Ry i gre m et

———

: 4:
L]
[
»
L]
o
- . - .
. - . - . L
H - - ek - — 1 - - P
- -- - + - - - R .
[

- ] H
- i - []

- — - - H = . -
' H
- - a"“-?---§s
e ; RN
4 : \\
’ ]
' J_
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: Used for Cylinder About Z Axis.
Fig. A-3 Diagram for Moment of Inertia Calculation
- Used for Rectangular Prisim About X Axis.
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i
¢ TABLE A.2
Moment of inertia components:
MKS units English units
| I1 = 1.422 (-85) kg n 4.311 (~02) 1bf in®
T n T m ERmRtmbe F FIZ % 5.82F (-84) KgomtA- T 1.982 (00) 16 1n2
‘ 33 5 SanB8 -d5 kg =13 = 2:558:(~05):'kgzh??_:z£ 6.913 (-83) 1bf 1nz .
Total moment: I =11+1Z + 13
I =5.991 (-04) kg n° 2.037 (00) 1bf in~
; ;2 72 Calculated values..for-mass moment of inertia of
f R = : paddles. and: paddle'conponents.& Il is inertia - ... .. .
- vaias , : =value—for=the"aluuinun cylinders. - IZ’is ‘the "=~ % SoLLTE
X cazerlinoimies i _inertia vaiue for. the paddles themselves and I3

- : e . et Lo - 18 for the hardwood end pieces.
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- APPENDIX B

- Ecror Oetecmination of Vaguum Collection System
e i 2 Tests—of- the vadium sample removal-system indicated that some

© s amsi o - aardicles  remaided-in the sample trap. - These particles were — R

located in the corners of the trap where the equalizing air stream

iy could not agitate them enough to move them into the vacuum siream.
- . <... = o _. . fAs acesult, it became necessary to determine to what extent these
v9”9?0?“9?Par?i°1Q?f!’7'¢19d5?PP?‘¢°"FF¢¥:°f;?hg,55!91!“9??949991?:: T

s i me o seeee saes = - The procedure used involved placing samples of knoun weight

and particle size distribution (equivalent to the bed material)

:: - - c-— -~ -—-=~-  jinside the sample trap. Sample-'sizes of 10, 15, 20, and 25 granms

. were used. The sample particles uere then vacuumed out and their
weight determined. The difference in weights of the ;anples were

:; then calculated along with the percentage differences. These

E results are listed in Table B.1.

;E An analysis of the results listed in Table B.1 indicates that

E: the average difference betueen the two sample weights is only 0.52

3 e wo . ..a. % while the maximum difference observed was 8.33 X. It can

é therefore be concluded that the particles remaining in the sample

3 trap do not significantly affect the accuracy of the sample
attained.
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TABLE 8.1

Initial Sample Veight Ueight
Ueight Ueight Difference Difference
Qrans orans grams Percent

S

#3

N .
L)
afal 0 a0

10 9.38 .05 8.50
- 10 9.92 9.08 0.80
CEEF o--- 1@ w.e= - 9,983 5% .65 - - Q.52
TR - 1e = 5.98 8.02 .20

HIN

L

t

1

:

7
N -

[
H
!

T 15 15.83° ~" -9.03 -0.20
s 18 : 1s.82 - -9.82 -9.13
15 14.86 8.14 9.33

18 14.87 Q.13 Q.87

15 14.97 .03 0.20

ww-~Jmin,

- ‘e i . _. 20 . ... 19.93 . - 9.07 9.35
22 -z - 11 .72 20 C.:: 18.86:.7C 9.14 . .79
17 o ST 12 e TR U200 BT T 19,902,507, | =
3 A b 7n 713 vewrr - 28~ 19,93 :

T 14 . r{ 18.94 -

1S s . . 24.83

16 s 24.80

17 25 24.78

- 18 7S 25.83
19 rs-) r{Sras

2
2

AVG
STNIDV

Results of vacumn sample removal test.
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: APPENDIX C

s

'

Y Sample Trap Closure Time Tegt

S R e
<

- Due to: the high: velocity o£ the pacticles uith respect to the

size of the sample trap, it uas important to ensure that the
sample trap uas closed in a very short period of time. To measure

the closure time, . the set-up shoun in Fig. C-1 was used.

%ﬁn“;Ieciric;eye, consistfng‘ofa;alight ;nittiaé dlod;fénd a ;f-fé??¢*¥;
= T re-s-ses - - ghoto transistor, was used: ” The diode was powered by a 6 volt

Trpew e thr oRst s battery and the photo ‘transistor was wired directly to an

oscilloscope. - The electric eye circuit was then placed at a

distance of 0.267 m (108.5 in) from the pivot point of the paddles.

At this position, the closing time calculation involves only a

simple proportion relationship betwueen the paddle and the sample

E trap uidths. The eye uas also positioned as close to the trailing
2 edge of the fully closed paddle as possible to minimize error.

The oscilloscope suweep was set to trigger off of the
N initial change of state from the photo transistor uhen the paddle
: first aclipsed the light beam. The resultant traces were then
E analysed to determine closure time. Time t=Q was set equal to the
-

initiation of the trace on the oscilloscope. Time t=tl uas

defined as the point at uwhich the trace begins its excursion back
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(B — \d Upper Paddle
- ——— 'EE?éﬁgif¥=%???%?=%*=}33¢ . Ph9ﬁ°77650815f°F oo eI ST
SR U SIS ! Yfodtemeist 3 I | Solenoid i
T : To ; :
< illomzmoms tn, - Oscilloscope )____;__;;“:Tf‘g' - - -
Louwer Paddle
~- e
j¢ 26.7 —>
- (b) Side Vieuw

_ Fully Activated
LT . e o ‘AiPaddle Position

Position of ‘\-)®
Electric Eye . .7 /

26.7

Deactivated Paddle : ;
Position -

(a) Top View SOIGHh

i

J
P8 8 0

Fig. C-1 Diagram of Closure Time Determination Set Up.
All Oimensions in cm.
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to the base voltage as shoun in Fig. C-2. By using the ratios:

t1  t2 (C.1)

width of the paddle

= width of sample trapf~-,~- R
-=-time delay-measured on oscilloscope o
closura tine of sanple trap »

the closure time of the sample trap can be determined. Several

o . trials were run with the resultinq data listed in Table C-1. AIll

TABLE C-1

Ul = 0.0305 m (1.2 in) -
W2 = 0.0127 m (0.5 in)
Trial t1 12

No. ms ng__

1 3.4 1.42

2 3.4 1.42

3 3.55 1.48

4 is 1.46

S 3.5 1.46

Avg 3.47 1.44

Sample trap closure data: Ui is the width of
the paddle, WZ is the width of the sample trap
and time t! is eclipse time of paddle through
light beam. Time t2 is closure time of Sample
trap as calculated using equation (C.1).

160




R A A0 st SR i e A o o)

t=t1

HH-HH-HH-

- ,
-
- - - L L
> - - - e -
- _
[~
~ -
> N —
: ] . - Sl Rl . - -
o~ . "

. I [ S ] [N S ] I S ] UL I B ) r g y R ' LN 2 T O 2 N |
(.- T.‘ ~llT-'thﬁl'i'Av_‘\'“lAA‘X—l_r4|]ll LB} v L) LRSS L LS
b - - ~t

-

L4 ~
-~ -

— 1

Q
3 T \

T
-
1=0 I
- - . ' Ai_ i -
-~ - R B —_— o - - —
- : : N i o _ SR
e o : "'E - - - B .
— 1 S ko i
T 3
- - 1 s g :
c— —————— :f' .
B
T

e T E T e Time (8.2 ms/0iv) '

Fig. €-2 Oscilloscope Trace of Paddle
Eclipsing Electric Evye.
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APPENDI X D

.-4‘:7¢;g; The goal of thzs design uas to shui the sanple trap in about

-1 nxllisecond (ms).- At this speed, a part1cle travelxng at 10
meters per second (m/s) would travel 1 cm or approximately 11 % of
the sample trap length. A velocity of 10 m/s is at the upper

iz = limits of - the partlcle—veloc1fy;distribut1on and uould account for

TNSel T, T Tt A ¢ - S . [ JR—— [

'”z}= only-a- snall percentage of the parixc.es—ejected by the “bed. The_ff
‘majority of the particles, for the fluidization condxtlons used in
" the bed, have an average ejection velocity of 1-Z m/s, based on

data from George and Grace [8].
TJORQU ALY

To determine the minimum required torque output of the
solenoid, two analysis were performed. The first analysis
calculates an average torque required to produce the desired
velocity. The second analysis uses the torgque data from the
selected solenoid and calculates the expected closure time and

swing time for the paddle arms.
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- cequation (D.1) results in an angular velocity of 47.70 rad/sec.

irst An

To close the sample trap in 1 ms, the angular velocity of the

paddles at closure can be calculated as:

-z R t2 cmmt oz (0.1)

Angular velocity of paddles

Uidth of sample trap

Paddle: pivot- to. sanple trap dzstance

- Closure time of ‘sample trap- T B

‘u Wowon

- Using the values of UWZ2= 0.00137 m,- R= 8.0413 m, and tZ2= 1 ms,

The radial acceleration required to attain this velocity through a

deflection of W74 radians (45 Deg), is calculated by:

a = _uf (D.2)
28
where: a = Angular acceleration of paddles
W = Angular velocity of paddles
® = Angular deflection of paddles

Using the result of eguation D1 and 6=074 radians, equation D2

gives the required angular acceleration of the paddles as 1448.5

B3]
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rad/s/s. Combining this result with the result for the total mass
moment of inertia from Appendix A, the required average torque

oautput of the solencid can be calculated as:

|
N
‘

Angular acceleratlon of paddles ]
‘Mass moment of inertia S o -
Required solencid torque

wona

e b ree tiemesi aen Tho resultant value for the torque (T) is 0 87 N m (7.7 Lbf in).

LTI Tl *;fshoun 1anxg. D—la,’fndleates “aii’ average of l 0 N m (é 8 Lbf in)

;- - - . Therefore, the selected solenoid has sufficient torque output to

D e -achieve the desired paddle velocity.

For the second analysis, it will be assumed that the torque
output of the selected solenoid can be modeled as a linear spring.
Fig. D-lb shows the torque output of the solenoid as a function
of angular displacement. From Fig. O0O-1b, a spring constant of k=
8.72 N m/rad (@.11 Lbhf in/deg).can be used ‘o approximate the
torque curve. The spring constant is derived from the slope of

the torque-angular displacement curve.

164

--. -..n..-.....t.'~<'. --------- - .. D O T R SV I PO --~'.-‘
.'..~.’ ette .- ,_......._. T .'.-_- ------ R AR KRN .-..,\-.,.. .

- I
- o - - - - - v . LI - u‘ W <
-J'-.-- o .‘ -’ P -I' - k. e e e '.~"'. 'LJ‘ .PN-L‘.‘.P\| A RA N .\'-\4‘4 .a‘;"_n}.z\.. At _A\L - _.__A-_~.~L‘ RSO |




[ Rt e LR thC el AN A S R S AR 2 R S B AP e i A S CRM R S Sadk S i i AR Bk Rab fad Tdr Bt R 2t Tads n b ]

12
F
184 -7
- . -‘-.. Goemetric Average
3 g Torque KIS
N ) S-S . ___Jriangle _ ]
__ o il ] e Approximation - -
= o 5 of Torque ‘
- ; - - _'a. R A ' e Curve .. - . i een s
: - < oot o TEemeboa End. of Stroke 1
- =4 - t
. -1
i 1
L}
[}
- 2 4 t
b '
X 4 . s
o= LT T -"a —meT =~ s T e ~ ‘. -
2 - Bide » s m s 'zo S T~
E.- - T T e ﬁng.nlaﬁ Dtsplacenent < Deqrees) )
- TR L Taes d “‘Fxg. D-1a - Torque—Outnut of Rotary Solenoid
3 T U SR Showing Triangle Approximation.
 _ 12,

Slope of Approximation

5 8;
c 4
~ 6
° it S i et Sy
§ b End of Stroke :
2 4] .
L]
p ¢
(]
0
2 '
.
J ]
'
0 T p— T = Y n 1 Y JI_‘
9 - 10 ~ 19 30 40

Angular Displacement (Degrees)

Fig. D-1b Torque Output of Rotary Solenoid
Showing Slope of Approximation
Curve Used to Determine Spring
Constant.

o s .
R A




..........

. The system can then bhe modeled as a simple rotational mass -

X spring system. The differential eguation of motion, general
solution, and boundary conditions are:

" Diff Egn: I0+ko=2o (D.4a)

- oTE ra s Ben Solns 177 ¢ @ ‘er ‘sm(n 6w Gt cosin 1 T (plamy T

W Tmeasmmisiioovioemigremooam —:"—i“--—.—-.::_uhere___.__n__.__ [ Fus ;'5.3.:,::_:“_; T

- ) 1

2 b.c.: D t=e @=0

. 2) t=0: @ = 1.65 rad

- e T TL _~-'fSol.v1ng ecuation (D 4h> u-stng thc: gi_ve_n‘buundary etuations, gi.ves

ST heefe s the” follouing expressioris for any: anq.xl-ar displacement (6) and

mmmemst angular velocllty (6)3
- 8 = 1.65 cos(m t) ° (D.Sa)
8 = -1.65 m sin(m t) (D.Sb)

'.: Knouing that the solencid stroke is /4 radians, the total solenoid
actuation time can be obtained from eguation (D.Sa) by setting 0 =

(1.65 - T/4). The total actuation time uwas determined to be 29.2

- ms. Inserting this value for time into equation (D.Sb), a

. rotational velocity of 48.6 rad/s was found. This velocity is

:: very close to the desired velocity obtained from equation (D.1).

<
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- QYNAMIC ANALYSIS

% The desire to determine uhether the debris of a specific
bubble has heen trapped by the sampling device requires the

determination of the total actuation time for the apparatus.

- mmrin smmats oo Knouing this valuo,_jhe-delay.betuesn“ihe detection of a bubble#

Cee ey n; and the closure of-the sanple trapncanxhe deternzned and hence.v,

- e uhethec_jhe particles fron _the_detected bubble were within the

= S e vicinity of the trap.

T sieem <.~;";3M; - rotational velocity at tho end of the stroke of only 33 12 rad/sec

Coocioiron o lozznciis calculated. - Because. the: mass moment of inertia for the
;olenoid was unknoun in tﬁe'beginning, the analy;is ignored 1t.

e: - cee e With the determintion of .the actual closure time in Appendix C,
. the total moment of inertia, including the solenoid can be
. . approximated. By iterating equations (0;55) and (0.5b) with é =
L. 33.12 radians/sec, a neu inertia value of 1.27 (-03) kg m is
determined. Using this inertig value in equation (D.5b), the
total actuation time is 42.6 ms. This increase in actuation time
of 13.5 ms is relativily close to the marnufactures quoted

actuation time for the solenoid of 12 ms and suggests that the

- - - values are within reason.

Table D.1 provides a summary of the results obtained from the

dynamic analysis.




TABLE D.1

: Mass moment of inertjia:

Paddles (1) 5.991 (-84) kg n-
2.037 (@0) 1b in“

: [7Te) Paddledve Solanotd {18) T 1.27 (-83) kg Wi I
) L T e T A EE By i e 4.32 (80) 1b in
cm eI Sample trap (t2) 1.44 ms
Total suwing (t3) 42.5 ns
ot . Sugnacyipiiquaqﬁé’gnalys;s,rogulfg.- ; .
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APPENDI X E

Bed Particle Size Distribution Analvsi

A sample of particles was obtained F;on the fluidized bed
after the bed had been operating for several hours. Sample sizes,
e e _ . _ranging from 1.2 to 2.8 kg;_uere'¥hen taken from the centrai area
- of the bed. Each sample uas then sieved through a series of 14 US
standard uire mesh sieves using a Tyler Industrial Products Model
RX-24 portable sieve shaker for 30 minuites. The contents of each
s;e;e was then weighed, using a Torsion Balance Co TORBAL scale,

to an accuracy of 8.01 gram. The resulting average particle size

o oo distribution is listed in Table E.1 and shoun in fig. E-1.

169

N N BRI

. . o e N L e e e e e e s e e e s s L
SAAN "\'r-.‘x“ T T T R e A A S "
A A .« " < Ear ) ) o



us Seive Ueight Percent Cunulét!ve

Standard Size In Seive ot Total Percent
Seive No. um grams Sample

18 1000 8.49 0.31 9.31
29 8sa 24.60 a.9%0 1.21
30 520 101.96 3.73 4.395
35 500 110.85 4_06 9.01
45 385 176.38 B6.48 15.46
1} 297 430.77 15.78 31.24
1] zse 385.53 14.12 45.38
.78 212 285,32 14.48 cs.84
8@ 180 463.29 17.18 77.83
100 148 339.93 12.45 89.48
120 128 125.01 4.88 - 94.06
140 106 109.4S 4.01 38.06
170 99 46.67 1.7 a98. 77
209 75 S.81 9.22 99.39
(75 8.30 9.01 108.00

Particle Specific Gravity = 8.1

fAverage particle size distributian of bed material in grams
and percentage of total weight using sieve analysis.
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APPENDIX F

To determine the mean velocity of air flouing through the
bed, the ASME report on fluid meters (171 uas used. Based on this
paper, equation (F.1l) was used for determining the mass flou rate

of air through the bed.

2
W=0.099702 ( KYFd (@ dP ;t (F.1)

where:

Mass flouw rate (lbm/sec)

Orfice diameter (inches)

Flow coefficient

Thermal expansion factor (1 for air)
Expansion factor

Differential pressure (inches uwater)
Density of air (ahead of arfice)

fb%-<-nxn.|:

The flow coefficient (K) is a function of Reynold's number, the
orfice diameter (d), and the pipe diameter (D). For the pressure
tap configuration used in the MIT atmospheric fluidized bed (1-D /

1/2-0) the flow coefficient is calculated using eguation (F.Z).
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K =Ko + 1000 b
VB Re' (F.2)

where:
Re = Reynolds No.
= d/0 = (orfice dia / pipe dia)

(0.6014 - 9.81352 0 % )

"

Ko

w/
+ (0.3760 + 8.97257 D )

[ 3
( ___9.00075 +8Y +1.58°)

D" B87+0.00025 D

b = (0.0002 + 9.9011 )
0

+ (0.0038 + @,0004)
- .. 0}

[Y
cat+c6.5+5m B )

[

The expansion factor (Y) is determined from equation (F.3) and is

a function of the diameter ratio (B), the ratio of specific heats

-{(s), and the ratio of the differential pressure to inlet pressure.

Y=1-(0.410 +0.350 8% ) g
Pl s (F.3)

where:
P1
s

Inlet pressure
Ratio of specific heats (1.4 for air)
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Mass flow rate is a function of velocity, and therefore, by
definition a function of Reynold's number. Equation (F.4) is used

to determine mass flou rate as a function of viscosity and

Reynold's number.

U=y 02
C Re (F.4)
where :
u = Absolute viscosity (lbm/ft sec)
C = Constant (15.28)

This requires that the solutions of equation (F.1) and equation
(F.4) be iterated until the Reynold's numbers converge. The
determination of mean air velocity is obtained from the mass flou

rate (W) using equation (F.5).

Vv = )
e A (F.S)
uhere:
3
€ = Density of air ilbn/ft )
A = Area of bed (ft7)
173
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To perform these calculations, a computer program was used. The
program (APPENDIX G) is written in HP BASIC 2.0 for running on an

HP 9816 series 200 micro-computer. Convergence usually required

LaL Akl NN

four to seven iterations and should be correct to uwithin @.5XZ.
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APPENDI X &

This Appendix lists the BASIC computer program used to

calculate mean bed velocity as discussed in Appendix F. It is

uritten in HP BASIC 2.@.

175




e s N R R R T T o

10 MAIN Program.......

20 ! Meze~i1nQ of gases Dy means of the ASME squars-eoged orfice with
30 | 1D 1/2-0 taps. HReferance Fluig Meters Their Theory anc

40 ! Application, nASME Raport Bin egition, ASME New Yori, NY, 1371

S0 | Program mus: bDe altered for Orfics diameter other than 7.871 in
1] ! and pipe diameier other than 10.02 :in. (see line !3Q)

79 ! .

89 |

0] !

100 INTESZR Ansuer

110 REAL D1.D2,Ww,X,Y1,PL,Pla,71,S,F _gel.Beza,frea_tes.Umu,Revnelds_nc,.Rhe,Rhol
Latm, Velos:y

120 DIM Homes$S[{Z1,Clears(2]

130 DATA 7.071,10.02,:.4,11.511,50000.,76.

148 READ 02.0!1.S,Aresa_bed.Reynolds_no,Patm

1S58 Clears=CHRS(2SS)ACHRS(TS) i CLEAR scraen

182 Home$=CHRS( 2S5 )3CHRS(84) ! HOME screen

170 1

180 ! Input variablaes

199 !

200 INPUT “Enter static pressure Pl (em Hg): *,P1

210 INPUT “Enter pressure drop dP (inches water): ° P_del

220 INPUT “Enter air temperature (Degrees F): * T1

230 1

24 ! Compute data

250 1

25@ QUTPUT 2:HomeS: ! Home display

27¢ OQUTPUT 2:Clears: { Clesar display

288 Beta=02/01 !t Calculate beia
299 Pla=Pl+Patm ! Absolute pressurs
300 Pl=(Pla)/2.54 t Change to inches
310 T2=T1+453.57 ! Convert to R

320 Rho=FNDensity{Patm,T2) ! Air density bed
338 Rhols=FNDensity(Pla,T2) 1 Air density upstream
340 Umy=FNViscosity(T2) ! Air viscosity

350 Y1le=FNExpan(Beta,P1,5,°_del) ! Expansion factor Y
360 KeFNFlow_coeff(Reynolds_no.Beta,Dl) | Fiow coefficient K
370 WsFNMass_flow(D2,X,Y1,Rhol,P_del) ! Mass flouw rate

380 Rd=FNReyn{W,Umu,02) | Reynolds % calculated
330 IF ARS(Rd=-Reynolds_no)>!. THEN ! Check accuracy

499 Reynalds_no=Rd

410 60TO 300

420 END IF

430 Veloci:ty=W/(RhosArea_bed) ! Yelocity calculation
440 PRINT “Velocity= ";Velocity:~ ft/s" | Qutput results

452 INPUT “Enter (1) to continue, (@) to stop®,Ansuer

480 IF Answer=Q THEN STOP

470 IF Answer{>i THEN

420 PRINT “Valuz must De either 1 or @; try again®

490 60TC 450

SO0 END IF

S1¢ 6070 150

€20 END

€30 !

342 ! Eng MAIN....... Segin FUNCTIONS

s3e i

23¢ DEF FNExpan(geta,Pl.S,P_zel’ | Zxzansion facior Y
570 Molg=P_gei/(Ple5¢13.5352

S50 Yei-( .81+ 35eBeta"4)eHold

€30 RETURN Y ‘
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580
510
5§20
830
540
tar
31
=11
870
820
320
720
712
7292
730
740
752
769
770
780
7<0
800

310 -

g2e
g83e
840
8seé
860
870
880
399
200
210
329

-

FNEND
1
!
OEF FNFlow_coeff(Reynolds_no,Beta,Dl) ! Flow coafficient K
Ko=.5814~.0135201° (=25 )+( . 3768+.9725701"(~.25))+(.20025/(01+01l+8elaCe
.0002S+01 +Beta~4+]1 . S-Reta”16)
B=_.2002+.2011/01+(.0038+.2004/01 )+(Beta<Beta+(16.5+5+01)+B8eta"1i6?
K=X0o+1000+8/S0R(BetasReynolds_no)
RETURN K
ENEND
!
!
DEF FNMass_flow(02,4X,Y1,Rhol,P_del) | Mass ‘low rate Y
W= _299702+02+02+K»Y1+3QR(Rhol*P_del)
RETURN U
FNEND
] -
!
DEF FNReyn(W,Umu,D2) | Reynolds % calculated
Rd=1S . 28«W/(Umu+02)
RETURN Rd
FNEND
f
|
DEF FNDensity(Patm,TZ) t Calculate air density
Rho= _S22406+Patm/T2
RETURN Rho
F NEND AN
1
'
DEF FNViscosity(T2) ! Calculate air viscosity
Umu=7 303E-7+T2"1.5/(T2+198.3)
RETURN VUmu
FNEND
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APPENDIX H

This Appendix contains the parts list for the sampling system
in three tables. Tahle H.! is a list of components for the sampling
apparatus. Table H.2 is a list of components for the electrical

circuit uwhile Table H.3 is for the vacuum system.
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Table H.1

Item No. Component Description

1 Solenoid LEDEX Size §S 45 Degree Right
Hand Stroke Rotary Solencid
Part No. S-8204-029
LEDEX Inc.
801 Scholz Dr, P.0. Box 427
—EE=-e-- 7o 7 7 7 Yandalia, Oh 45377
(S13) 898-3621

2 Paddle foam, Basswood epoxy laminate
with Maple mounting blocks
8.5 X 1.2 X 11.5 inches.

: 3 Interface Aluminum Cylinders with set screu
- - - fastener. R= 0.67S in H= 1.S in

4 - Solenoid Aluminum mounting plate'
Mounting " 1/4 X 2.8 X 2.8 inches
S Extension Aluminum bar
Bar 174 X 3/4 X 12.8 inches
6 Trap Aluminum Plate
Mount 1/4 X 1.1 X 1.5 inches
7 Sample 1716 inch Aluminum plate
Trap Inside Dimensions:

8.5 X 1.5 X 3.5 inches

8 Vertical Aluminum bar
Mounting 1/4 X 3/4 X 24 inches
Slide Adjustment holes drilled every
8.5 inch
9 Base Tripod Aluminum Structure
Structure

List of components for sampling apparatus.
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Item No. Component

; 1 81
4 D1

- 3 ML

4 R1

S RZ

8 R3

7 S1

A 8 sz

TABLE H.Z

Description
Bridge rectifier assembly, Silicon,
LEDEX Part No. 121011-001, includes
arc suppressor in unit.

Arc Suppressor, not needed if above

- rectifier assembly used.

LEDEX Part No. 122555-001
Solenoid (see Table H.1?
Resistor, Z Mohm, 1%, Z Uatt
Resistor, 100 kohm, 1%, 1 datt
Resistor, 250 ohm, 10X, SO Uatt

Suitch, SPST, Push Button,
10 A, 258 V

Switch, SPST, Toggle, 18 A, 258 V

List of components for solenoid power supply.

(_'.'-.5."1'{J"’- DS RS A ":a ‘:\'\\ ‘;:Q.':-"r-_! -.\-q_‘ P 1-'-.-"..- P
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TABLE H.3
5 Item No. Component Oescription
- 1 vi 3/8 inch Ball Valve
: 2z P1 Eductor
i 3 F1 Screen Filter, 328 um mesh
- ,.;-.;: - 4 C1 Sample Container, Small Plastic
: Bottle, 1 Pt
1 - S C2 Sample Trap (see Table H.1)
» 8 : L1 1/4 inch Polyflouw Tubing

List of components for vacuum system.
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APPENDIX I

..

This Appendix contains a complete listing of all data
obtained during this study. The data is arranged
acording to the distance of the trap height above the
distributor.
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DATA for Umf DETERMINATION

Hb Pt Pb P T
(inches) (cm Hg) (em HZ20) (n HZO) (F)
10.75 7.2 51.9 1.805 62.0
10.75 6.8 50.9 : 1.517 62.0
10.28 6.2 49.1 8.332 62.0
9.7% 6.0 48.8 0.772 62.0
3.50 . 5.6 - - 47.5 - - 8.515 62.0
g 9.2% 5.1 44.3 0.335 62.5
8.75 ) 4.8 42.9 -: : - 0.265 63.0 o
8.50 4.5 ~ 39.9 0.177 63.9
- 8.50@ 4.9 38.5 0.125 63.5
5 8.50 '~ - 3.7 - 33.9 - 0.107 64.0
4 . - 8.50 <« = 3.8 * == 32.9 14 6.034 64.9
- 8.50 - 3.3 30.1 - : 9.084 64.0
. _8.50 2.4 22.3 : 0.043 64.5
8.50 2.0 18.5 9.027 65.9
8.50 1.8 14.86 8.017 65.9
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Trap Height above Distributor: cm (in) 3Jo.%6 (12.19)

Bed Height above Distributor: ecm (in) = 25.4 (10)
Trap Height above bed surface: cm (in) = 5.586 (Z2.19)
Pl: em Hg (in Hg) = 5.8 (2.28)
dP: cm water (in uater) = 1.234 (0.486)
Temp: C (F) = 19.5 (87.9)
SAMP # Ueight of Sample
. (grams)
1 3.16
- S Y . -]
s 3 : 1.88
4 2.43 ’ -
= - -1 2.48
= : (] 2.1@
= 7 1.84
.- - 8 2.87
9 .57
10 2.186
11 2.16
12 1.03
13 2.48
14 1.13 ave = 2.09 grams
15 1.21 STN OV = 0.6@ grams

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Pi: em Hg (in Hg)

dP: cm water (in uater)

30.96 (12.19)
26.67 (190.%5)
4.29 (1.89)
6.8 (2.68)
1.887 (09.743)

Temp: C (F) 18 (64.5)
SAMP ¢t Weight of Sample
{grams)
16 7.72
17 9.12
18 3.83
19 4.04
re'} S.68
21 3.28
22 8.86
23 4.50
24 §.55 AvVG = 5,96 grams
2% 5.84 STN DOV = 2.12 grams
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Tran Height above Distributor: em (in) 37.31 (14.89)

Bed Height above Distributor: cm (in) 25.4 (19)
Trap Height above bed surface: cm (in) 11.91 (4.83)
Pl: em Hg (in Hg) s.8 (2.28)

1.201 (@.473)
20.5 (G3.Q)

dP: cm water (in uater)
Temp: C (F)

i = SAMB-8 Ueight of Sample

28 8.82
: : S 4 - 0.585
o cown 28 9.54

29

0
= 30 0
- 31 0
B °

=i 33 °
34 °

2

- @.62 gfans
35

0.11 grams

ool

.88 . Ave
1 STN DV

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)

37.31 (14.69)
26.67 (10.5)

Trap Height above bed surface: cm (in) = 10.64 (4.19)
Pl: cm Hg (in Hg) = 6.3 (2.28)
dP: cm uater (in water) = 1.897 (0.747)
Temp: C (F) =19 (66.2)

SAMP # Weight of Sample
(grams)
36 2.87
n 1.42
38 1.83
39 1.34
49 1.18
41 1.82
42 1.57
43 1.68
44 1.8 AVG = 1.66 grams
45 1.587 STN OV = 8.46 grams

........
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Trap Height ahove Distributor: em (in) = 37.31 (14.69)
Bed Height above Distributor: cm (in) = 27.94 (11.9)
Trap Height above bed surface: cm (in) =9.37 (3.689)
Pl: em Hg (in Hg) = 5.8 (2.68)
dP: cm uater (in water) = 1.887 (9.743)
Temp: C (F) = 19 (66.9@)
. L . SAMP & Ueight of Sample
.. - (granms) )
Cee T 4B 4.32
S . : - 47 - 2.48
48 3.12
a4 oo 48 2.83
= =oAL B9 4.46
- . Si 2.37
... 82 4.48
- IS 53 4.95
54 4.1S AVE = 3.61 grams
55 2.396  STN OV = 0.95 grams
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TRAP HEIGHT = 29.2S

Height of Pressure Pressure Pressure Pressure
Pressure for for for for

Tap above Samples Samples Samples Samples
Distributor 86-75 86-95 56-65 76-8S

(inches) (cm HZO) {cm HZ0) (em H2Q) (em HZQ)
1.8 52.9 54.9 S6.! S8.5
2.8 48.8 4.8 51.7 s82.8
- —_ - 3.8 —- s 40.8 - — 41.3 — - 43.8 44.7
4.8 34.3 35.8 38.9 40.0

- 5.8 _ "27.8 - 29.7 - 32.8 33.6 )

6.8 21.2 22.3 5.5 27.86

- - 7.6 14.8 16.1 19.1 0.7 -
o 8.8 / 8.3 3.7 - 12.5 14.8
2.8 P 9.6 Ly . 2.2 TR 3.5 BT 6.4 8.5
o - 10.8 . 0.9 = 0.1 o 1.5 2.4
-.11.6 2.0 .9 2.0 0.3
12.8 .9 0.9 0.2 2.0
PR = 13.8 s 2.9 = 2.8 - 0.9 0.9
14.8 0.9 0.0 2.0 8.0

TRAP HEIGHT = 23.2ZS in

Height of Pressure Pressure Pressure Pressure
Pressure for for ’ for for
Tap above Samples Samples Samples Samples
Distributor 206-218 196-20S 186-135 176-185
(inches) (cm HZO) {cm H20) (cm HZ0) (em H20)
1.8 52.9 53.4 56.3 s7.7
2.6 48.9 49.5 S1.8 82.2
3.8 40.7 - 41.8 43.6 44 .7
4.8 34.7 3s.8 3g.8 40.9
S.8 28.3 29.3 32.0 33.3
6.6 21.5 22.9 25.6 26.86
7.6 14.3 16.86 18.8 20.3
8.5 8.4 9.8 12.9 13.8
9.8 2.2 3.3 5.2 7.8
1a.8 0.9 2.1 1.3 2.9
11.8 2.0 2.2 2.0 8.3
12.8 2.2 9.2 2.0 0.0
13.86 0.9 2.9 0.0 0.9
14.6 8.0 g.0 2.0 0.0
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Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
’ Static Bed Height: cm (in)

7 Pl: cm Hg (in Hg)

) dP: cm water (in uater)

Sl1.44 (20.25)
29.21 (11.%)
22.23 (8.75)
2Z2.56 (8.88)
8.3 (3.21)
6.9858 (2.75)

r Temp: C (F) 16.5 (52.@)
! SAMP 1 Weight of Sample
- e ae e _Agrams)  _ . . ... o .-
. .| - 1.47 - ' ~
R T7 o= 1.35 - : SR -
- 78 1.24
s 79 1.29
- =3 2 == 80 9.74
- 81 1.38
4 82 ‘ 1.38
R : 83 1.47
- , 84 1.58 AVG = 1.32 grams
- 8s 1.33 STN DV = 8.23 grams

j Trap Height above Distributor: cm (in) = 51.44 (20.25)
X Bed Height above Distributor: cm (in) = 27.31 (10.75)
¥ Trap Height above bed surface: cm (in) =24.13 (9.9)
1 Static Bed Height: cm (in) = 22.56 (8.88)
‘ P1: cm Hg (in Hg) =7.3 (2.87)
- dP: cm uater (in uater) = 4.919¢ (1.3933)
N Temp: C (F) = 1B6.5 (62.9)
- SAMP # Ueight of Sample
. (grams)

1 9.35
. . 57 9.61
X g8 1.83
. s9 0.84

=17 1.02

81 8.78
A 682 2.87
: 83 1.96
% 64 2.60 Ave = 9.92 grams
3 B85 8.88 STN OV = Q.36 grams

. 188
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Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: em (in)

P1: cm Hg (in Hg)

dP: cm water (in uater)

Temp: C (F)
SAMP Weight of Sample
{(grams)
; 86 e.a7
87 @.28
- ‘88 T e.17
83 2.04
99 0.08
91 9.04
92 0.07
93 8.13
34 80.97 AVG
9s .17 STN OV

Trap Height above Distributor: cm (in)
Bed Height ahove Distributor: cm (in)
Trap Height above hed surface: cm (ir)
Static Bed Height: cm (in)

Pl: em Hg (in Hg)
dP: cm water (in uwater)
Temp: C (F)
SAMP # Weight of Sample
(grams)
86 9.05
87 0.15
68 Q.14
83 .07
79 2.11
71 2.10
72 9.18
73 @.08
74 9.11 AvVG
75 0.186 STN DV

1389

Cate Sy 3

S51.44
26.67
24.76
22.586
6.5
3.261
18

e e i Bt

(20.25)
(18.5)
(93.79)
(8.88)
(2.58)
(1.284)
(61.@}

0.93 grams
8.80S grams
Si.44 (20.25)
25.4 (19.0)
26.03 (10.2%)
22.56 (8.88)
6.2 (2.44)
2.581 (1.018)
17 (63.0)
0.12 grams
0.04 grams




TRAP HEIGHT = 16.12 in

-~ Height of Pressure Pressure Pressure Pressure
: Pressure for for for for
: Tap above Samples Samples Samples Samples
Distributor 106-115 126-13S 36-10S 116-125
x (inches) {cm H20) {em HZ20) (em H20) (em HZO)
= 1.8 S52.8 84.4 35.8 58.5
- 2.8 48.7 42.9 S1.3 82.39
- 3.6 40.3 . . 41.8 -. 43.3 . 44.4
Tl - 4.8 34.6 35.9 37.3 _" 39.6 -
- - S.6 27.8 29.2 31.3 33.3
» - 8.6 20.8 . 22.8 25.2 - - 27.1
- : 7.8 . 13.8 15.5 18.3 Za.s
gLy — TR . 8.8 God e - 1.8 1Ll 2 9.4 .- = 12.3 14.8
T o= 9.6 = = 1.8 — = 3.2 ~-= 5.3 7.8
. 1e.8 2.2 0.3 8.3 2.5
11.8 a.0 0.0 2.9 2.3
12.85 0.0 2.0 2.9 2.9
13.8 9.0 0.9 2.9 0.2
14.86 2.0 0.0 2.0 0.0
- ' TRAP HEIGHT = 18.25%5 in
Height of Pressure Pressure Pressure Pressure
B Pressure for for for for
Tap above Samples Samples Samples Samples
Distributor 146-155 136-145%5 156-185% 166-17S
(inches) (ecm HZQ) (em HZ0) (em H20) (cm H20)
1.6 S2.7 54.3 85.8 57.9
2.8 43.a 49.9 §1.9 52.8
3.6 41.09 41.86 43.3 44.9
4.6 34.5 36.1 38.1 39.3
) 5.6 28.0 29.3 31.8 33.S
~ 6.6 21.5 22.S 24.9 26.86
: 7.8 14.9 15.8 18.8 20.7
8.8 8.5 9.8 12.2 14.5
9.6 2.4 3.4 6.9 7.8
- 18.5 2.9 8.1 2.9 Z.5
. 11.6 0.2 2.2 2.9 0.3
12.6 0.2 0.2 0.0 0.9
. 13.6 - 2.9 2.9 0.0 0.9
14.6 0.9 0.9 2.2 @.a




49.35 (16.12)
28.58 (11.25)
12.37 (4.88)
22.568 (8.88)
8.9 (3.15)
5.858 (z.7)

Trap Height above Distributor: em (in)
Bed Height above Oistributor: cm (in)

" Trap Height above bed surface: cm (in)

~ Static Bed Height: cm (in)

X Pl: cm Hg (in Hg)

dP: cm vater (in water)

Temp: C (F) 18 (61.9)
- e — ——e— - - SAMP # Weight of Sample
. o - e . (grams) . .. - e
. 116 4.18
1: _ : 117 - 3.e3
Sos 118 2.32
A iit LAY 118 B 1.47
- T T 120 2.34
- . 121 2.54
122 1.73
123 2.12
124 1.36 AvVe = 2.41 grams
128 2.38 STN DOV = 8.76 grams

49.935 (16.12)
27.30 (10.7%)
13.65 (5.38)
22.56 (8.88)
7.4 (2.81)
4.808 (1.833)

Iy Trap Height above Distributor: cm (in}
.- Bed Height above Distributor: em (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm {(in)

Pl: cm Hg (in Hg)

dP: cm water (in water)

- _ Temp: C (F) 16 (61.0)
SAMP # Veight of Sample
(grams)
96 1.33
97 0.81
K 98 1.37
N 99 1.56
3 1900 1.42
- 101 1.48
o 102 1.27
- 103 Z2.05
104 1.21 AVG = 1.36 grams
105 1.11 STN OV = 0.32 grams

N 191




AD-A139 019 ﬁ DETERMINATION OF PARTICLE DENSITY DISTRIBUTIONS RBOVE 3/3
UIDIZED BEDSCYU) MASSACHUSETTS INST OF TECH CRMBRIDGE
T OF OCEAN ENGINEERING G A PIPER MAR 85
UNCLRSSIFIED N66314 79-A-0073 F/G 14/2

NL




dAda

dddaaaaq.i

=y

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS - 1963~ A




Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: ecm (in)

Pl: cm Hg (in Hg)

dP: cm uwater (in uater)

40.95 (16.12)
26.67 (10.%)
14.28 (5.82)
22.56 (8.88)
6.6 (2.6@)
3.288 (1.283)

Temp: C (F) 18 (61.@)
- e e e e "sam'___#_ - Ueightof Sample - -
= - . L e S~ 128 - . R 0.35 ot R - .-'4 .-
- — .l 127 - 0.31
o s ¥ o HeZl 128 - - 8,21
=3= 277 129 8.27
- 130 2.18
131 9.37
132 8.34
133 8.29
134 .34 AVe = 9.28 grams
135 9.16- STN DV = 0.08 granms
Trap Height above Distributor: cm (in) = 40 85 (16.12)
Bed Height above Distributor: cm (in) = 726.04 (10.2%5)
Trap Height above bed surface: cm (in) = 14.91 (S5.88)
o Static Bed Height: cm (in) ’ = 22.56 (8.88)
9 Pl: cm Hg (in Hg) = 6.3 (2.48)
g dP: cm water (in uater) = 2.891 (1.8z20)
ﬁ Temp: C (F) = 16 (61.0)
E SAMP # Ueight of Sample
.. (grams)
. 1086 .38
N 107 9.12
: 198 .15
109 9.17
112 9.13
. 111 9.8
- 112 0.586
o 113 Q.05
114 e.18 avG = Q.22 grams
118 9.24 STN DV = 0.15 grams

192
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Trap Height ahove Distributor: em (in) = 46.36 (18.25)
Bed Height above Distributor: em (in) = 28.58 (11.2%5)
Trap Height above bed surface: cm (in) = 17.78 (7.0@)
Static Bed Height: cm (in) = 22.56 (8.88)
Pl: cm Hg (in Hg) = 8.1 (3.19)
dP: cm uater (in uvater) = 5.858 (2.7)
Temp: C (F) = 16 (61.@)
—_— ————-- -— SAMP-#- Weight of Sample
—mTT o mmIET gl L emaeno L ~_--'j:;'_"_(_gf‘aﬂﬂ)_ - I . a o
. . . 168 1.13
T -T1687 ¢ -7 - 1.18 .- . ‘ T
168 1.34
1639 9.33
179 9.88
- 171 1.91
172 1.20
173 1.1%
178 - T 1.08 - AVG = 1.08 grams
178 : @8.8S SIN DV = 9.16 grams
Trap Height above Distributor: cm (in) = 46.36 (18.25)
Bed Height above Di<*ributor: cm (in) = 27.30 (19.7%)
Trap Height above bed surface: em (in) = 19.06 (7.5)
Static Bed Height: cm (in) = 22.56 (8.88)
Pl: em Hg (in Hg) = 7.3 (2.87)
dP: cm water (in uvater) = 4.888 (1.8393)
Temp: C (F) = 16 (61.9)
SAMP # Weight of Sample
{(grams)
156 9.64
157 9.48
158 8.78
183 0.58
162 9.44
161 @.58
162 0.83
163 0.57
164 0.52 ave = 9.60 grams
165 0.82 STN DV = 0.12 grams
193
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Trap Height above Distributor: cm (in)
- Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)
Pl: cm Hg (in Hg)
dP: cm uater (in water)

46.36 (18.25)
26.687 (10.%)
19.683 (7.79)
(8.88)
6.6 (2.69)
3.244 (1.277)

&

. Temp: C (F) 16.8 (852.0)
Y
Tl wme—m — e . ____ SAMP & ~Ueight of Sample o o
LT L e T s Agrams). ' - T
. : 136 - - 9.93.
{ 137 8.13
K 138 9.06
. 139 9.0S
> . 140 .07
14t 9.06
A 142 8.05
o 143 9.0S
. 144 8.11 AVE = 2.08 grams
- 145 0.14 - STN OV = 9.24 grams
N Trap Height above Distributor: cm (in) = 46.36 (18.25)
N Bed Height above Distributor: cm (in) = 26.04 (10.25)
Trap Height above bed surface: cm (in) = 20.32 (8.9@)
Static Bed Height: cm (in) = 22.56 (8.88)
Pl: cm Hg (in Hg) = 6.3 (2.48)
dP: cm uater (in water) = 2.6831 (1.036)
. Temp: C (F) = 16.8 (62.0)
SAMP # Ueight of Sample
(grams)
N 146 g.01
- 147 e.01
x] 148 0.02
' 149 2.02
N 150 0.03
X 15} .02
. 152 .01
183 9.01
154 9.02 AVG = 9.02 grams
- 155 9.05 STN DV = 0.01 grams
134
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Trap Height above Distributor: cm (in) = S3.86 (23.2%)
Bed Height above Distributor: cm (in) = 27.94 (11.00)
Trap Height above bhed surface: em (in) = 31.12 (12.2%)
Static Bed Height: cm (in) = 22.56 (8.88)
P1: ecm Hg (in Hg) = 8.2 (3.23)
dP: cm uater (in uater) = 5.858 (2.7)
Temp: C (F) = 16.5 (82.0)
—_ SAMP. & Ueight of Sample
eemo Il PR _ ..(,:.g_rm ) - ———— —— — R .

176 8.32 - i TE e

177 0.22 . . - e

178 0.24 : o

179 9.52

180 0.31

181 8.42

182 9.34

183 9.31

184 T 0.23 AVe = @8.31 grams

18S 0.21 STN DV = 9.19 grams
Trap Height above Distributor: cm (in) = S3.06 (23.25)
Bed Height above Distributor: cm (in) = 27.18 (10.70)
Trap Height above bed surface: cm (in) = 31.76 (12.50)
Static Bed Height: cm (in) = 22.56 (8.88)
Pl: em Hg (in Hg) =7.3 (2.87)
dP: cm water (in uater) = 4.813 (1.895)
Temp: C (F) = 16 (61.0)

SAMP & Weight of Sample
(grams)

186 .25

187 .17

188 9.14

189 0.17

190 8.12

191 .23

182 .18

193 0.25

194 9.18 AVG = Q.18 granms

195 9.17 STN OV = 0.04 grams

195




Trap Height above Distributor: cm (in)
Bed Height above Distributor: em (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)

Pl: cm Hg (1in Hg)
dP: cm uwater (in uater)
Temp: C (F)
SAMP # Weight of Sample
- — (grams)
: 196 a.as
- e 197. 0.07 .
198 0.07
199 8.04
200 9.06
201 9.09
yd.rd 0.04
203 8.a7
el 204 - 0.06. AV6
208 @.06

STN DV

Trap Height above Distributor: em (in)
Bed Height above Distributor: cm (in)

Trap Height above bed surface: cm (in)

Static Bed Height: cm (in)

Pl: cm Hg (in Hg)
dP: cm uater (in uater)
Temp: C (F)
SAMP & Ueight of Sample
(grams)
2086 a.01
207 0.0z
208 9.01
209 8.01
210 Q.91
211 e.01
212 a.01
213 0.02
214 e.o1 AVG
215 .01 STN DV

n W
[~

.
[N
S -

59.06
26.687

(23.25)
(19.58)
32.39 (12.79)
22.56 (8.88)
6.5 (2.58)
3.236 (1.274)
18 (61.0)

9.6 grams
0.02 granms

S9.06
26.04

(23.25)
(10.25)
33.02 (13.00)
22.56 (8.88)
6.3 (2.48)
2.613 (1.031)
16 (61.9)

Qrams
4 grams
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TRAP HEIGHT = 14.25 in

Pressure
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Pressure
for
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236-245
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S6.4
51.8
43.9
38.2
.2
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Trap Height above Distributor: cm (im)
Bed Height above Distributor: cm (in)
Trap Height above bhed surface: cm (in)
Static Bed Height: cm (in)

Pl: cm Hg (in Hg)

dP: cm uater (in uater)

36.20 (14.25)
28.58 (11.25)
7.62 (3.00)
22.58 (8.88)
8.2 (3.23)
6.98 (2.7%)

Temp: C (F) 18.5 (62.9)
SAMP # Ueight of Sample
(granms)
246 3.34
247 5.36
248 4.684
248 5.71
250 4.17
251 4,33
282 4.55
283 4.33
- 254 *8.44 ave = 4.48 grams
255 3.990 STN DV = 8.72 granms

i, ... .. _. # value not_.used in computing average.

36.20 (14.2%5)
27.30 (10.7S)
8.30 (3.5@)
22.56 (8.88)
7.3 (2.87)
4.768 (1.877)

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)

Trap Height above bed surface: cm (in)

Static Bed Height: cm (in)

Pi: cm Hg (in Hg)

dP: cm water (in water)

Temp: C (F) 16.5 (62.0)
SAMP # Weight of Sample
(grams)
236 1.55
¥4 1.88
238 1.92
239 1.80
240 1.69
24} 2.0S
242 1.84
243 1.80
244 1.87 AVG = 1.88 granms
245 2.38 STN DV = 8.22 grams
138
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Trap Height above Distributor: cm (in)
Bed Height above Distributor: em (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)

Pl: cm Hg (in Hg)
dP: cm uater (in uater)
Temp: C (F)
SAMP & Ueight of Sample
- emiTen {(grams)
226 9.93
227 8.68
228 8.61
229 9.56
230 8.81
231 9.52
232 8.38
233 8.57
... .. 234 a.7S AVe
B =238 - T T8.44 STN OV

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)

Pl: em Hg (in Hg)
dP: cm uater (in uater)
Temp: C (F)

SAMP # Weight of Sample
(grams)
218 0.32
217 9.35
218 0.36
219 0.30
220 Q.32
221 0.35
222 0.24
223 2.30
224 9.34 AVG
225 0.30 STN DV

199

WoHn o nn

36.20
26.67
9.53
22.56
6.6
3.218
16.5

(14.2%9)
(10.5@)
(3.75)
(8.88)
(2.6@)
(1.267)
(62.@)

.62 grams
8.17 grams

36.20
16.04
10.16
22.56
8.3
2.624
16.5

0.32 grams
9.04 grams

(14.25)
(10.2%)
(4.00)
(8.88)
(2.48)
(1.039)
(62.@)




Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)

Trap Height above bed surface: cm (in)

Static Bed Height: cm (in)
Pl: em Hg (in Hg)
dP: cm uater (in uater)
Temp: C (F)

SAMP %

286

87

188

189

298

231

- » 292

o T 293
294

LTI LT .:298

Ueight of Sample

(grams)

68.55
7.51
7.46
8.0S
§.92
7.38
7.23
7.65
7.04
6.38

Ave
STN DV

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)

Pl1: cm Hg (in Hg)

dP: cm uater (in water)

Temp: C (F)
SAMP %

- 276
- T
278
279
280
281
282
283
284
285

A% S e
LA

T

T oy
e
4 b

-t

Ueight of Sample

(grams)

g R U AN S

NN ELEOUWNN

AVG
STN DV

= 32.39 (12.79)
= 28.58 (11.2%)
= 3.81 (1.508)
= 72.56 (8.88)
= 8.1 (3.19)
= 6.985 (2.7%)
= 17 (63.0)
= 7.2 grams
= 0.51 granms
= 32.39 (12.7S)
= 27.3@ (10.75)
= 5.09% (2.00)
= 22.56 (8.88)
= 7.3 (2.87)
= 4.836 (1.904)
= 17 (63.0)
4.35 grams
1.05 grams

AR A TRV ERNTE T e T AT ST AT




32.33 (12.75)
26.87 (10.5)
S.72  (2.2%)
22.56 (8.88)
6.6 (2.69)
3.269 (1.287)

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)

Trap Height above bed surface: cm (in)

Static Bed Height: cm (in)

Pl: cm Hg (in HQ)

dP: cm uater (in water)

Temp: C (F) - 16.8 (62.@)
—— —————— — SAMP- # Ueight of Sample
- (grams)

66 a.74
267 1.80
268 1.17
289 1.17
, 279 1.87
- S yars! 1.158
= 272 1.58
» 273 1.03

274 1.08 AVE = 1.31 grams

27S 1.56 STN OV = 0.37 grams

32.3%3 (12.7%)
26.04 (10.25)
6.35 (z.50)
22.56 (8.88)
6.3 (2.48)
2.6804 (1.025)

Trap Height above Distributor: cm (in)
Bed Height above Distributor: cm (in)
Trap Height above bed surface: cm (in)
Static Bed Height: cm (in)

Pi: cm Hg (in Hg)

dP: cm uater (in uater)

Temp: C (F) 16.5 (62.0)
SAMP # Weight of Sample
(grams)
256 0.50
57 8.76
258 0.67
259 8.51
260 8.54
261 0.€8
262 .47
263 @.565
264 0.61 AVG = 9.63 grams
265 0.87 STN DV = 9.13 grams
201
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APPENDIX J

.\
.\
g
s This Appendix contains the output from the image analyzer.
P The output is arranged in the following order.
S
¢ 1. Bed distribution
) Z. 4 cm freeboard height
. 3. " 8 cm freeboard height
4, 12 cm freeboard height ‘

s om e e B 18 em freeboard height
6. 22 cm freeboard height

7. 31 cm freeboard height

Each of the distributions at a given bed height applies only
to the Uo/Umf = 3.81 condition. For each of the seven image

analyzer outputs listed, the following three formats are used.
1. Histogram of absolute particle freguency
vs particle diameter.

Z. Cumulative percentage plot of particle

size distribution.

3. Table listing of the above data.

. ‘. .{.....-. -'-'..-



The dashed line on both the bar graphs and on the cumulative

percentage plots represent the Gaussian distributions which fit
the given set of data. This Gaussian distribution should be used
only as a rough estimate of the data because the analysis included

“particles” less than 7@ microns. By viewing a blank slide with

‘only the tape applied, these “pariticles" uere confirmed to be
bubbles and dirt entrapped in the adhesive on the tape used to

hold the sample particles in place.
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L Inage Analyzer Outout
' Bed Particle Oistribution

. CJSSL?"ft"‘ z T FOR oczac' £ IN CHRNNELS 1
- UMDERFLOY . @ OQUERFLOW 2 . Sl
) CLASS™ FRON ™ - FREQUENCIES
X . - R2S REL cur. R3S cur. REL
1 43977:—91 (16344 1S, 4.89 % 1S. £.89 %
- 2 16564 (26194 2. - 7.82 2 39. 12.79 2
. - -3 . 26191 33837 - .91 2 £4. _18.8¢% %
. & -+ 3IIBIT-. ¢ 43484 . & . 1.938% - s7. 18.57 =
A 2 43486 L23430 - - 9.2 3.26°% _- 87. 24.82 X
. 5 .53130 ©  .82777 - 7. - S5.8¢x 8. .- 27.38 %
2 7 . .82TvT . 72623 28, © 6.51 % 194. - 33.88 X
5 SR 8o L T2623 ... 82079 - . 23,  _ 7.3 2 _ 127. . €1.37 X
: e - .82e78 ¢ ,91716 230 T T 749 =2 T 158, 4g.886
. - - . 1@ .. 91716 1.9136 28. C 8.51 % 179. $5.37 %
. T 71t o0 1.8138- 4.11@1 © 16,7~ £.56 %- 184. $2.33 x
2 12 LT 1.119¢ 1.20556 23, 7.3 2 207, . 87.43 X°
13 1.2066 1.3932 27. - 8.79 % 234. 76.22 X
. 1% 1.3939 1.393S 12. 3.91 2 248. 88.13 X
2 15 1.3938 1.496@ 17. £.56 2 263. 8S.67 .
- .18 1.4959@ 1.592¢ z. 2.28 % 27e. 87.33 X
. 1 1.592¢ 1.5889 7. 2.28 2 - 277. 99.23 %
- = 48--=- 1.6889-. . 1.7883--- 11, . 3.58 % 288, . - 93.81 X
S e 1.7883 1.8818 . &, . 132 292, $S.11 X
- 28 1.8818 ~__ 1,9783 1. 33 293. 95,44 %
b 21 1.97283 ©2.9747 T, 33 % 294. 25.77 X
X 22 2.9747 2.1712 s. 1.63 % 299. 97.39 2
y 23 2.1712 2.2677 1. 33 3ee. 97.72 %
A 2% 2.2677 2.36%1 2. 8.0 X 300. 397.72 X
" 2. 2.3641 2.4588 8. 2.80 2 z8@.  37.72 2
: 25 2.4536 2.35571 1. .33 301. 98.85 X
27 2.5574 2.653% 1. 33 % Ze2. 98.37 X
2 2.653% 2.7589 e. 2.89 % 392. 98.37 2
: 2 - 2.7%99 2.8463 2. 9.98 2 zez. 28.37 X
39 . 2.8458 2.9¢29 1. 33 % 383. 98.79 2
. 31 2.9429 3.8394 e. °.88 % za3. .28.78 2
. 32 3.839¢ 3.13%9 1. G X iﬂ‘. 99. E ?
. 3z 2.13%9 3.2323 S 8. 2.89 i8¢, 39.92 %
. 3< 3.2323 3.3208 y 9. @.89 2 304, 29.92 X
3s 3.3288 3.42853 . | @. . 9.88 % 39+. 93.82 %
35 3.429%3 3.5217 9. 2.80 % 304, §9.02 3
T 3.9217 3.5182 9. .99 = 394. 99.92 X
. 38 3.6182 2.7147 8. 2.99 39<, 29.92 X
) 39 3.T16T 3.8111 1. 33 % zes. 9a,.33 %
. 2 3.811° 3.9978 2. 6% % 387 199.99 2
{3
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C — e —
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] IN CHRNNELS 1
- -~ UNDERFLOW-— e QUERFLOM L]
CLRES FRONM TQ ) FREQUENCIES
o . R - R8BS REL ... cun.
1 12768 21427 .. 9. 2.78 X
2 21627 . 30086 L1, 3.48 % -
3 . 38096 38745 7 3. 93 %
- & 38745 . .e7ede 41.- 3.68 X~
-3 | Je74ede L38864 .. J&, - 18.49 T
T .36864 | 84723~ - 5é. 16.67 X+ ~
e 56723 - V7332 — - &5 13,89 %
.3 - 73382 82861 35. 11.11 X
it - . 32041 -. 98708 2T .8.33 %-
-4 .387a8 TL.99389 - . 25.. 7T N
- 11 - . 99359 1.08602 18, -~ 5.56 X
12 1.8882 1.1668 13, 4&.63 X
.- 1§ 1.1658 1.2534¢ . 9. 2.78 2
16 . 1.2534 1.3408@ - 6. 1.85 2
.13 1. 3420 1.6263 -~ ——o S. 1.3¢ X
- .-A46 1.42685 o 1.8430 .. .. 7. 2.6 X
7 .- 1.3131 1.5997 - -1. TSR
1 1.3997 . 1.6883 1. .31 %
19 1.5863 -1.7729 . 2. .82 X
2 L 1.7729 1.88598 2. .62 %
2 1.8595 1.9431 1. .31 %
22 1.9451 2.8327 T, 8.0 %
23 2.8327 2.1193 2. 9.98 X
rd 2.1193 2.20859 8. 2.9 X
pd 2.2059 2.2925 1. .31 X
rd 2.29235 2.3790 9. a.98 X
27 2.3790 2.4556 9. 2.89 X -
2 2.4856 2.8822 . 9. g8.08¢ X
29 2.3822 2.6389 2. 9.09 X
30 2.6388 2.72346 8. 8.88 X
31 2.7254 2.9120 8. 9.0 %
32 2.842 2.8986 8. g8.08 X%
33 2.8%86 2.9832 9. 8.89 %
Je 2.9852 3.9718 2. .08 X
3% - J.8718 J.158+4 2. 2.9 %
36 3.1384 3.24649 3. .88 X
37 3.2449 3.3315 Q. 9.99 2
38 3.3318 Z.4181 2. .29 X
39 3.4181 3. 394 2. 2.89 X
-3 T Iz.T 3.5943 1. 31N
R
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Inage Analyzer Outout
Height Distribution -
fag.FREQUENCY 8 cn Above Bed LAUNTS 31z
39,93+ - ) - - §n RANGE k394
) . N FLUW
. : ugiF' ™ §
_ - CLASSES %
- 3. 294 R NTERY
s ;&ﬁiaﬁg§sasxn-ex
pe
ﬁ;.ig.éeasrz
390.924 . 29139
MEAN ST -
§f.6§081°213
_ o . I © i e2sB8.32218%
S i 2020 RESTART ST
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: Inage Analyzer OQutout
' Meight Distritution
8 cn Above Bed
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CLRSSIFICATICH L.3" FOR DCIRCLE 1IN CHRMNMELS 1
e — —. . UNDERFLOM [ OQUERFLOW ]
CLRES FRO® - TO FREQUENCIES

- . Ras : REL cun. R8S

2. 83 X 2.
2. 83 X @, .

3. ) .95 X T
. 8. | g.0@ % 7.

Té,  T-1.26% 11.

L.e. [ 2.8 % 28.

- " “_: 2'0 :'_;_'8-83 z - _‘8v

21. 8.82 X 9.

27, 8.32 X . s3.

32 T 19.89 X _ 128.

- 24 - 8.82 X 149,

2. €.%3¢ X 171.

39. 9.66 % 201,

17. £.38 X 218.

‘19. S5.99 X 237,

11, T.47 X 248.

- 41. = - F.F X . 23%.

9. 2.84 X -- 268.

8. L 2.832 X 278,

1@. .18 % 286.

2. 83 X - 288.

3. 1.398 2 292.

7. 2.249 X - 389.

3. .98 2 383.

1. 32 2 39,

2. .83 2 386.

b 1. S X 387.
. 1. 32 %X 3e8.
: 1. e 2 389.
2. .83 X 311,

: Q. 9.8 X 311,
3 2. .83 % 13.
1. 3e X\ 31%.

* 1. 32 X 313.
8. 9.9 X 313.

- 1. 32 2 31€.
- a. 9.00 3186.
l_ 8. 3.08 = 316.
X 2, 9.99 % 316,

; 1. 32 % 317

L

cun. REL

.83 %
1.26 %X
-
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» Inage Anglyzer Output
W Height Distribution
12 en fAbove Bed
X -CLASSIFICATION LIST FOR ocxacnz IN CHABNNELS @ -
- UMDERFLON =~ @ OUERFLON ] ol
3 cLass FROM T T T FREQUENCIE
- . RABS REL cun. R8s cut. REL
4 B2974E-01 .19842 22, 6.897 2 22. 8.87 % .
2 .18842 - .31487 17. £.21 % 39. 12.19 = .
3 .31487 64092 .48, 4.69 2 $é. 16.87 % ~ _
. % . 64092 .S6717 ss. 177.19 x 109. 34.96 % . .
" JEY- .59717\. . +69342 - 73. . 22.84 2 _ - 182. 56.97 X |
. -8 o ' AL e 23@. - -T9.8T %
& S xITE T 28@.7 . . 81,28 X1 .
> L. S Zits . T80 ... 836.87 X
9 2z U 292007 91.28 k¢
19 z - 298, eT. 12 X
. == - 11 E z - Ja7. . . 95.3¢ X!
12 z <. 319, - .96.87 X,
y D43 % - © 343, 7 a7.81 % |
- . 14 z - 316. 98.7% X.°
: _ 18 z 316. 38.75 2
RN : z . 347 . 99.86 2,
B e AT - 2 .:18. 49.37 X |
18 -7 2.2086 - 2.3347 - . .20 % 318. e9.37 % .
. 19 2.3347 2.4509 e, 2.0 x . 318, 99.37 X .
. To28 - 2.4609 . __2.9%5871 Q. e.00 2 ° 318.. e9,.37 %
. 21 2.5871 2.7136 2. 2.00 % 318. 99.37 X
. 22 2.7134 2.8396 9. 3.8 % - 248, ea.37 X
23 2.8396 2.958%9 2. 2.98 2 348. 29,37 %
- 2 2.96%9 2.9921 e, 2.08 2 318, ag .37 % .
25 Z.0921 3.2184 e, .09 2 318, ~ 99.37 %X
28 3.2184 3.3448 1. .31 %2 319. 99.59 X
27 3.3446 3.4799 e, e.99 2 319. 99.69 X
. 2 3.4709 3.%971 2. 2.00 X 349. 29,59 X
. 29 z.5971 3.7234 e. 8.0Q 2 349. 99.689 X
- 3 3.7 2.8496 a, 9.28 % 319. 99,69 =
g 31 3.8¢36 = 3.97%59 2. @.00 2 319. 99.69 X
. 32 2.97%9 4,1821 a. g¢.00 319, 99.59 X
33 %, 1921 4,2286 2, 9.99 2 319. 99,69 %
. 3 4.2294 4.28548 8. 2.99 2 34¢ 99,83 X
33 $.3544 &, <809 2, g.00 2 .ns. 99.589 %
: 38 4.4809 4.6871 Q. 2.8 = 19, 99.59 %
E 37 .5Q71 4,733+ 9. 9.09 2 319, 99.59 %
K 3 4.7334 4.8596 a8, e.0@ % ..13. 99,52 X
: 39 £.89598 &,98%9 Q. 3.99 2 319, 29,69 X
. &2 9859 £.1121 1, .31 % 32 199 .89 X
N
N
N
. 1
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Image Anglyzer OQutput
Height Distritution
18 cm» Above Bed

e e - - - _ - fr————
CLASSIFICATION LIST FOR OCIRCLE IM CHANNELS = 1! -
. - LIV UMDERFLON 2 QUERFLON ] -
- cLASS FRon T0 . FREQUENCIES i
x L - - - 11 REL cuN. a8S cun. REL
- 1 . 11828 TIAT s 1. 312 1. 31 %
N 2 . 17645 L2385« 3. 2.%58 2 g, 2.81 %
. 3 .23864¢ _  .Ze@282 1. .31z 19. 3.2 2 )
- ‘ & .38282 .367a9 .8, 1,5 % 15. é.89 2 -
S s .35799 43118 ) 1.2 19, . 5.2¢ %
9 . a 43118 . 49538 7. 5.31 % 36. 11.25 X
L I 4 . 4953 . 55956 16. 5.08 X 2. 6.2 %
L 3T R e - ... J559%¢ - _-..82372 . 25, -"8.12 % 73. 246.37 %
" -9 “.B23T2 7% L8789 1132, Ti9.99- 2 11@. 34.37 %
- 18 .58799 75287 31, 9.89 X 141, 6. 86 =
14 . 75287 818285 3s. 13.3¢ 2 - 7Ts. sT.28 %
%! 12 .81825% 88843 21. . &8.% = 197, 51.56 %
T 43 .88943 . .94<31 s 8.12 2 223. §3.6% %
" 14 . 94451 1.9688 20. - -8.29-% 243, 75.94 2
- 15 1.9988 1.8720 13 . 4.868 % 255, s2.898 X
- 15 1.8739 1.1371 13. 4,86 2 269. 84.9868 %
- 47 1.13¢1 1.2¢43 7. .19 X 78, 86.23 <
19 1.2943 1.265% 5. 1.87 2 282, 88.12 %
SRS —————19 1.265% _ 4.3297 - 7. 2.19 2 289. $@.3¢ %
o - 20 1.3297 . 1.3939 2. "= (g3 X 291, 99.9¢ %
21 . 1.392¢ 1.53%8@ &. 1.29 2 29s. 92.13 %
22 1.4589 1.5222 7. 2.19 2 392. 96,37 2
N 23 1.5222 1.5864 %, 1.28 % 308, 35.82 %
A 24 1.5864 1.5%586 &. 1.2 = 310. 95.87 %
. 2s 1.5386 1.7148 1. .31 % 311, 97.19 X
- 26 1.7143 1.7799 %, 1.2% % 315. 98.4% %
27 1.7789 1.9431 2. .63 2 31T 99.86 X
23 1.8431 1.9873 a, 9.99 % 347, 99.85 2
29 1.9873 1.971% 3. .99 317, 99.986 X
I 1.9715 2.9357 2. 9.99 X 317, 99.96 X
. I 2.9357 2.99983 3. 3.99 X 317, 99.85 2
R 32 2.9998 2.164d 1. 31 2 318. 99.37 X
ol 2.1649 2.2282 3. 9.98 318. 29.37 %
34 2.2292 2.292¢ a. 8.98 2 318, 99.37 %
is 2.2924 2.3%5586 2. 8.99 X 318, 99.37 %
ot 2.25a5 2.42087 2, 2.99 %2 318. 99.37 %
ol 2.4297 2.48&9 3. 2.89 349, 99.37 X
it 2.4849 2.5494 1. 31 % 319, 99.539 %
39 2.5491 2.8133 2. 2.99 % 349, 99.59 X
42 2 8133 2.5774 1. 31 2 329, 198.99 =
213
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CLASSIFICATION oi5T FCR JCIRCLE IN CHAMMELS. ' 1" -
- . . . - . Lo L -
s . - UNDERFLOW g . QUERFLON _ @ P -
: . . e o o
CLASS FROM ™m . FREQUENCIES :
‘RS REL - Ccum. ABS  cum. REL
S . 12928 Wl L1 14, L,.47_ % . 1%, &.47 X
2 29418  .2881 8. 1.92 2 28. §.39 % -
z .29812 37214 . s, 1.68 2 2. 7.23 %
¢ 37216 - 45616 . 7. 2.2¢ 2 32. 18.22° %
5 %5516 54818 14, §.47 % 45, 14.78 2 .
6 . 54318 62428 z1. g.92 2 77. 26.68 %
7 52428 78923 23. 7.3s 2 198, 31.95 %
8 . 79823 79228 7. L 11.82% 137. 63.77 %
9 . 79225 87627 28, _7.39 2 - 1€2. $1.76 %
19 87527 . 96829 25. T 7.99 % .- 197, $9.7¢ %
;-1 . 95329 1.8623 .. -. 32, . 18.22 Z.. 219. §9.97 %
12 1.9¢43 1.12983 24, T.B7T I 7T 2e3. TT.84 X
13 1.1283 t.242¢ 2s. 7.99 2 . 258. 85.62 %
- 14 - 1.242¢ - 1.2984- .47, S.43 X - 285, 91.88 4 -
15 1.2964 . ° 1.3884 - . . 192 %" 291, 92.97 %
16 1.38084 1.454% . &. 1.92 2 257. $4.89 X
17 . 1.4544 1.5484 - 7. 2.24 % . 94, 97.12 %
19 ,1.5486 © 1.832% 1. 32 %2 395. 97.44 2
. 19 1.532% 1.7163 ~ 5. 1.68 = - 318, 99.9¢ %
= 28 = 1.7165. - ~—1,8985- 1. S a32.%., 3. 99.36 %
21 1.8005 1.894% Q. 2.89 2 311. 99.36 %
22 1.8845 1.9635 8. 2.99 2 311. 99.36 %
23 1.9685 2.8526 2. 2.08 X 311, 23.36 %
24 2.9526 2.13%4 9. 2.99 % . 311. 99.36 %
28 2.1368 2.2296 a. 3.99 X 1t 939.38 X
2 2.229% 2.38%5 9. 2.99 2 314. 99.36 %
il 2.394% 2.3887 2. 2.89 % 211, 33.386 X
2 2.3587 2.4727 2. 9.99 2 311. 99.35 %
2 2.4727 2.5557 2. 2.99 % 311, 29.36 %
3 2.5567 2.54a7 9. 2.9 X 311, 99.38 %
31 2.6497 2.7247 2. 2.88 X 311, 99.35 X
32 2.7247 2.9949 .. 9. 9.89 2 1. 93.35 2
33 2.2998 2.8928 SO ¥ 3.09 X 41, 93.36 X
34 2.9928 2.9768 9. 3.89 X\ 311. 99.36 X
iz 2.9768 Z.95a% .. . 9.9 X z11. 99.36
3 3.9588 3. 1423 2. 8.90 2 311, 93.36 %
—_ 37 3.1448 . 3.2289 9. 2.99 2 3. 39.38 %
3z 3.2289 3.312 3. 2.99 311, 29.36 %
z3 z.3129 - 3.3963 1. 32 312. 99.58 %
<8 2.398¢ 3.4889 1. ) g X 313. 18 .99 %
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Inage ﬁﬁlyz& Output
Height Oistribution
31 cm Above Bed

T CLRSSIFICATION LIST FOR OTACLE IN CHRNNELS 1 _
UNDERFLOY @ oummFlow - el D - | LT

. .ewess ... from U rp

1

o
®™
"
ﬁ
y)
€
3
oy
]
0
2
]

1 1549¢ 24TST 11. CT.ET Z 11, .47 %
z ‘24757 .259%13 2. .99 % 11. .47 %
z .28818 3478 2. BZ 2 13. .18 %. .
% 3ez78 (4383 2. 2.8¢ 2 22. L 8,9% %,
s 4R539 458982 9. . 2.8 %7, L 31 29.78 %'
. - & < «4B388 .- ($3A61 T28 8.31 % 4, 16.29 3, -
,- 7. 53981 - 89324 . 3. 12,32 2. 28.33 x| -
3 < .88321. 65582 B, Y S48 2 37.35 'z,
3 55582 T84T U310 9.8 “T.83 X’
.1w «T18&Z © ' (79483 .. - - 29, 9,15 .  S8.7% X
R & ) 78183 L7 ..8438&T1l L 28, CS. Flge 20 54.87 X,
s 32 _ 0T _.8B438& . . 9862S 2= 2L AT =T 838 2T i3.83 R,
T8 T TL9we2s T~ (36g88 T agl .. %.83 z 75.71 %
14 98888 “T-. 1.8315 T -0 2¢, 7 1 Flg2 -4 B82.33 x!
15 - 38318 . 1,896t T T 1 ST 247 % .8s.29 %
15 1.8941 - 1018567 . . 7. .. 221 %2 35.81 X|
17 1.3887 -7 124837 T 2. TT {lEm z - 29,59 z!
18 1.2193 1.2819 19. 3152 92.74 %
. 19 1.2819 1.3448 .7 z. To..es % + 33.69 %
_ 28 - 1.3445 - - "1.4@7T - S g, .32z, 96,81 Zi
cee sl 230 1.4871 L 1.4827 %% T RTINS T T9<.2% X
- L 1.4897 - T ¢,8323 0 <. 1,26 2 ¥ 328, 7 98.21 x|
> 23 1.5327 © 7 1.5949 <, 1.26 = - I99. 27.48 2|
24 1.5949 1.8378 - 1. .32 % 318, §7.79 !
2% 1.857% 1.7221 z. .95 % 313, 9. 7¢ X,
2% 1.7291 1.7828 1. .32 2 314, 29.85 %,
7 1.7228 1.8435% 7, 2.98 % I14. 92.35 x|
2 1.8¢54¢ 1.9920 3. 3.99 % 314, 59.25 %
29 1.9989 1.978€ 2, 2.92 = 314, 99.85 x;
33 1.9795 2.8933 a, 3.99 2 T4, 32.285 %,
31 2.833 2.298 1. .32 % - 315, 92.37 !
2 2.2358 . 2. 18584 1. 32 % ’ 318, 33.588 %!
zz 2.1%584 2.221 2, 2.29 % 3186. 39.52 %!
3% 2.2219 2.,2838 3, 9.99 2 316. 99.88 %!
I3 2.2923s 2.34482 2, R.e¢ x° 348, 99.588 X
35 2.3452 2.4988 B 4.4 % 316, 33.88 X
fors 2.4382 2.47T14 g, 2.99 % 316. 93.58 X'
38 2.4T14 2.5343 3, #.938 X 345, 29.58 %!
39 2.5349 2.596s 2, 4.88 318. 9%.58 .
<3 2.598s 2.5593 1. .32 % z17. 189,929 X.
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APPENDI X K

This Appendix contains the photographs of the oscilloscope

traces o&faiﬁed uﬁile sanpiing; Each of the pictures is labeled

with the sample number for which it represents,
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APPENDI X L

This Appendix contains a complete listing of the particle
trajectory computer model used in this research. In addition, an

in depth program description and flow diagram is included.
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tlodel Computer Prooram

This section describes the computer program listed in

fippendix K.

To assist in understanding the program logic, the

program {tself contains numerous comment statements. The program

consists of a main program and seven (7) subroutines. The main

program controls the input of parameters, trajectory calculations,

and output selections. The subroutines control the actual data

output in either table form or graphics. The following is an in-

depth description of the program:

Lines

50-1560

19e-610

Descfiption

This section is used to explicitly define
the major variables used within the program.
The large arrays are defined in common block
form to save memory. Constants used in the
program are also defined.

This section is used to input variable data
to the program. Three options exist for the
bed particle distribution input:

1) The default condition sets the quantity
of each particle to unity. This option is
generally used uhen a height determination
is required or being sought after.

2) The particle numbher option allous the
entry of bed distribution by the number of
particles present in sach diameter range.
This is used when data from the image
analyzer was being used.

3) The last option is used when the particle
size distribution is determined from a sieve
analysis and the data is measured in grams
mass. The program will then determine the

236
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particle rumber density based on the
assumption that the particls are spherical.

F e Jn B 2 B gee

o 650-630 These lines convert the velocity input

X values from Ft/s to a/s.

2 700-710 Determine the slope of the triangular jat

¢ using the input amplitude and duration.
720-800 Initialize the data arrays to zera (Q@).
810-1669 This section calculates the trajectory for

each diameter particle. This WHILE condition
contains the follouwing 8 subsections.

820-840 Initialize the height of the particle to
pass the first WHILE statement. Calculate
the particle diameter to be used.

850-1340 Calculate the particles trajectory

R : - parameters while the particle is above the
bed surface. This DO loop contains the
follouing 6 subsections.

P “-f'880-540 c-—1If the elapsed-time since the particle left
Wi Lod le Lo.s lio lithe bed is less® than the jet duration time,
‘ N T 7 the add the jet velacity to Ue.

950-999 Calculates the relative velocity of the air
uith respect to the particle. Determine the
sign of the drag force.

1010-1060 Calculate Reynald's number.

1100-1170 Calculate the drag on the particle and then
determine the particles new velocity and
position.

1180-1220 If the particles velocity is positive,
record the neu max height and elapsed time.

1230-1320. Add | count to the probability array in the
storage position representing the particles
height/Z. By using the DIV statement, a
height window (dH) of Z cm is created.

13592-1370 Change all heights from Ft/s to m/s
1380-1430 Multiply probability distribution by bed
distribution weighting factor.
1440-1500 Determine the maximum value and normalize
237
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1510-1560

1570~1660

1708-1820
1830-2210
2220

126@-2529

2560-3930

2640-3120

3130-3240 .

3250-3830

3840- 3920

3980-4130

4180-4280

4330-4450

4510-4640

4690-4770

the data such that the maxisum is 109.

Calculate the particle entrainment by
summing the total volume of each particle
distribution at a given height.

Normalize the entrainment data to 100 and
calculate the ln value if not agual to zero.

Display output menu.

Controls the selected cutput.

End of MAIN program

Sub Display_Data is used to list input
parameters used and the maximum height
attained by each diameter particle.

Sub Oisplay_graphics controls the processing
and output of graphic information. This

subprogram contains the follouwing 4 sections.

Performs scaling for determining graphic
dimensions and limits.

Creates graphic display and labels the X and

e -n Teae ) . e T

Y axis.

Controls the plotting of selected graphic
output.

Prints hard copy.

Function routine for determining scaling
factor for graphic display.

Finds the limit of data within an INTEGER
array to limit the X axis on a plot to the
range in which the Y values are non-zero.

Determines the maximum value stored in an
INTEGER array.

Same as 4330-4460 except for REAL arcray.

Same as 4180-428@ except for REAL array.

ENO of PROGRAM




10 leveese...MAIN Program.......
20 i
30 §
49 |
S0 OPTION BASE !
1] INTESER Answer,Soec:fy,.Point,View,Bed_nin,l

S | REAL Uo.Upo,Uj.Del_t,Part_height,Sloce,.Jet_t, J¢t

S ’*9."' €Ot INTESER Distribution(Sd,8@),Distrib_ _density(Sd,80),REAL Height(2,59),3

ad_particls(Sd),Entrainment(2,80)

% DIM HomeS(21,Clears(2]
100 Clears= HRAS( 2SS )ACHRS(7S) t CLEAR SCR key
118 Homed=CHRS(2S5)8CHRS(84) I HOME key
120  Viscosity_kin=l 4868-5 | air, mem/s
130 QOensity_air=1.201 | kg/memenm
140 Qensity_part=7.96E+¢3 | kg/memem
1S Gravity=3.80653 | m/ses - -
168 L}
179 | Input variablas
18¢ i
19 PRINTER IS 1 | Output to CRT
208 INPUT "Enter mean air valocity Uo (Fi/s): *,Uo
2190 INPUT “Enter amplitude of jet velocity (Ftrss): *,Uj
220 INPUT “Enter initiel particle velocity Upo (Fit/s): *,Upol
- .- .-230 INPUT “Enter duration of jet (s): * Jet_t
T 289 . INPUT “Enter time incrsment for iteration (s): “ Del_t
TR0 1o - 259 . INPUT."Do you desirs to input the bed particle distribution (1 yes,® no):"
TAnsuer : :
e e eEme ‘260 © IF Answer=@ THEN e "1 Bed dist not wanted
270 FOR I~1 TO S@ | Set bed dist to 1
‘289 Bed_particle(l)=l,
2% NEXT I
300 ELSE
319 IF Answer=1 THEN | Bed dist wanted
320 INPUT “Input will be: weight in grams (1) or numaer (2): ",Specify
330 IF Spacify=l OR Specify=2 THEN
. 340 PRINT “Enter data for sach diameter® i Enter gram or 2
N 350 Min_bedel
-~ 360 FOR I=1 TO S@ | Each diameter
? 370 PRINT “O= °“;1+10+70:° u
X 380 INPUT Bed_particle(l) '
Q 39 IF Bed_particla(l)<Bed_particle(Min_bed) THEN Min_bed={
i ™ NEXT 1
- 419 IF Specify=! THEN ! I? weight entry
- 429 FOR I=1 TO SO | Calculate 3
£ 430 8ed_particle(I)=5e8ed _particla(l)/(Ple(1+10+70)"3¢0ansity_part)
" 142 {F Bed_particle(l)<Bed_narticle(Min_bed) THEN Min_bed=[
2 459 NEXT [
t 4689 ENO IF
470 ELSE
180 6079 329
. 4% END IF
g sd0 ELSE
; gio 60TO 289
0 S0 END IF
S3e ENO [F
S40 Max_bed=!
SS8@ FOR I=1 TO S2 | Find largest 3
860 IF Bed_particla(l):Bed_pari:cle(Max_ded) THEN Max_ned=i
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870 NEXT I

588 Max_value~100/Bed_particle(Max_bed) | determine scaler

S3@ FOR [=1 TC SO ! Scals data max=102

800 Bed_particle(l)=8ed_particle(])e*Max_value

§18 NEXT [

820 !

830 ! Compute data

6840 !

§S@ Ul=uo '

883 Upi=upal

878 Uog=ijoe.3048 | Change to m/s

880 Upol=Upole.3048

892 Uji=Qje_3048 _

700 IF Jet_t=@ THEN Jet_t=i

710 Slope=2.+Ujl/Jet_t | Triangle jet pulse

720 FOR I-t TO 50

738 Height(1l,]I)=@. | Iaro height array

740 Height(2,1)=Q, ! Zaro numoer array

750 FOR J=1 TO 39

750 Distribution(1,])=9 ! Zero dist srray

770 Entrainment(l,J)=@. | Iero entrain array

780 Entrainment(2,J)=0.

79 NEXT J

800 NEXT I

819 FOR =] TO SO | For each pariicle

820 Pari_height=.000001 i Set for WHILE state.

830 Uno=Upol | Initial V constant

840 Diameter_part=(1+7)e} QE-S { Particle Oia um

ase WHILE Part_height>@

869 JtmJat_t/2.

879 Time_nowsHeight(2,1)*0el_t ! Time of part flight

880 IF Time_now<Jet_t THEN . | part in jet?

g% If Height(2, I)'Del t<it THEN ! 1st half of jet
cmmeemes -oo- - 900 Uo=Uo+SlaoperHeight(2Z,I)+*0el_t

910 ELSE T

320 Uo=Uo+Ujl-SlopecHeight(2,1)+0el_t 1 2nd half of jet

330 END IF

9.9 ENO IF

E11) Relative_vel=Uo~-Upo ! Ral V seen by part

960 Sign=} ! Set sign positive

97Q IF Relative_vel<d THEN i Is V negative?

98a Sign=-{ ! Set sign negative

930 END IF

1009 ' Calculate Re

1e10 Reynolds_no=Relative_vel+*Diameter_part/Viscosity_kin

1020 Reynolds_no=ABS(Reynolds_no)

19030 IF Reynolds_no=8. THEN

1840 Acceleration=-8ravity

1050 60TO 1150

1060 END IF

1070 t Calculate drag

1280 | Uses data correlation for drag coefficient good for Redl1E3

1020 !

1100 Orag_cosaff=24/Reynolds_no+8/(1+SUR(Raynolds_no))+.4

1110 Drag=SigneOrag_coeff+Density_air+Relative_velesRelative_vele*Pl«Diameser

partsQiameter_part/8

1120 '

1130 Acceisrationslrag/(Density_partePleDiameie~_part“3/8 =3raviiy

1140 §

1150 Velocity=UporAccalerationsDel_t
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1169

! Calculate new position

1170 Part_he:ight=Part_heignt+(Velocity+Upo)eOel_t/2
1180 IF Uno>@ THEN { Part still rising?
1198 Heigint(1l,l)=Part_heignt | Seve position
1200 He:gnt(2,l )=Heignt(2,1)+1 ! Inc t for max rise
1210 ENO IF
1220 Upo=Uelocity { Set new V for next inc
1230 Point=(10Q+Part_neignt) OIV 2 ! 2 ¢m wida storage bins
1240 IF Paint>79 THEN | Set default for fatal
1252 Point=79
1250 ENO IF
27 IF Point<=9 THEN ! Set default for fatal
1230 Point=9
1220 END IF
1300 PRINT [,%0int | Indicate comp working
1319 ! Save % times part in height bin
1329 Oistribution(I,Point+l)=distribution( Point+l)+l
1330 END WHILE
1340 NEXT 1
1350 FOR I={ TQ S@
1369 He:gnt(l,l)=Height(l,[2+10Q { Change to cm
15780 NEXT I
1383 FOR [=! TQ %2
1399 Value=3e¢g_narticle(l) ! Part size weight factor from bed dist
1400 FOR J=1 TC 3@
14109 Qistrib_density(I,J)=0istribution(1,J)eValue | Ueight dist values
1429 NEXT J
1430 NEXT T
1449 Max_distsFNMax_int(Oistrib_density(+},50,80) | Find max value
1459 Factor=100./Max diat !*Scale far 109 max
1460 FOR I=1 TQ S@
1470 FOR J=1 TO 8@
1480 Distrib_density(l,J)=Qtistrib_density(I,J)sFactor | Scale values
1490 NEXT J
1500 NEXT I
1519 FOR [=L TO S2 ! Mass density/unii area at heaight above bed
120 Volume=PTs((I1+7)/1000@)°3/6 ! Volume Cu cm
1530 FOR J=} TO 80
1540 Entrainment(l,J)=Entrainment(l,J)*VolumecQistrib_density(I,J)
1839 NEXT I
1588 NEXT I
1S7T Max_sntrain=}
1S30 FOR [=1 TO 30 ! Find maximum
153 IF Entrainment(1,])>Entrainment( ! ,Max_santrain) THEN Max_antrain={
1630 NeXT [
1610 Factor=100/Entrainment{l,Max_entrain) ! Normalize to 100
1620 FOR I=% TO 8@
1620 Entrainment (1, )sZatrainment(l, ! )*Factar
1640 IF Entrainment(!,1)<=d. THEN 1653
1529 Entrainment (2,1 )= 06{Entrainment(1,1))
(38C NEXT I
.'AB ‘ '
1889 ! QJuizut Sentral 3azc:ian
18320
1708 PRINTER IS . ' Qutput to CRT
1719 PRINT USiING *9,3/"
1729 PRINT 1) Oi2o0lay height vs diameter data”
1730 PRINT ) Oi1splay height va diameter graoh”
1740 POINT 2 Disolay density vs he:ignt as function of dia grapn”
1788 PRINT & Nisoclay density vs Jiameter as 3 funct:on af heignt graon’
24}
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1769 PRINT °S) Oisaglay same as 3 but with bed density*
1770 PRINT °35) Qisolay same as 4 but with bed density”
1780 PRINT °7) Display density vs diameter of bed mass®
1780 PRINT ) Display sntrainment density above bed"
180Q@ PRINT °9) Oisolay Ln sntrainment density above bed"

1819 PRINT “1@) EXIT PROGRAM"

1820 INPUT “Enter number of desired display: °,Ansuer
1830 SELEST Ansuer

1849 CASE =i

1859 CALL Qisolay_datacUl, Vai Uj,Jet_t,Del_t, HomeS Clears)

1863 CASE =2

1870 CALL QOisplay_graoh(Clears Homes,Ansuer View)

1880 CASE =3

1890 INPUT “Znter particle siza to be viewed (88-370 um)(Q for all): ", View

1920 IF View=@ THEN 1920

1919 IF View<88 OR View>S7Q THEN 1890

1920 Visws(View DIV 10)=7

1230 CALL Display_grach(Clears Home$, Ansuer,Vieu)

1940 CASE =4

1959 INPUT “Entar desirsd height above bed surface (@8-153 cm): " View

1969 IF View<® OR View>1S3 THEN 1952

1979 Vieu=(View OIV 2)+t

198Q CALL Oisplay_graphn(Clears Homes, Ansuer ,View)

1929 Cass =S

2000 INPUT "Enter pariicle size to be viewed (8@-S7@ um)(Q for all): *View

2019 IF View=Q THEN 2030

2029 IF Viaw<8@ OR Vi=w)>S73 THEN 2000

2032 View=(View OIV 10)=7

2049 - - CALL Display_grapgh{Clears HomeS$,Ansuer,View)

2095Q CASE =5 ~ ~ :

2969 INPUT “Enter desired height above bed surface (@-1S8 ecm): ° View

2970 IF View<8 OR View>!S8 THEN 2060

20€0 View=(View OIV 2)+1L

<099 CALL Display_graph(Clears, Homes, Ansuer Visw)

2100 Casz =7

2110 CALL Oisplay_gragh(Clears HomeS,Ansuer Uiew)

2120 CASE =38

2120 CALL Display_graoh(Clears Homes$,Answer ,View)

2140 CASE =3

2159 CALL Oisplay_graoh(Clears, HomeS,Ansuer ,Viaw)

2164 CASE =10

2179 sTOP

2180 CASE ELSE

2199 GOTO 1829

2200 ENO SELECT

2219 6370 1700

2229 END

2230

oo4@ !

22¢a ¢

2258 ! Sus used to list inaut garameiers anc max heign: at time t 3er diameter
K 270 (S O.sciav_data(Ul.Uol,Yy,Jei_s.0ei_:,Homes, Clears)
- 2280@ IIm INTE3ER Quiscr:ibut:ion( e ,.Distric_zens:ity(e) ,RE3L meignt(+:,Seqg_par:icle
", (0),:ntr=xnnent(o)
" 2290 JUTPUT 2:HomeS: | Home and Cl2ar scrsen
- 2360 QUTPUT 2:Clears:
- 310 Print output

23: PRINT - am/s”

2330 PRINT "Mean Z2edg Yelcc:ty= ".U1+20.18

<348 PAINT “Initiai Pasrticie Yelocitye ", (Upl+30.4:8
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235@ PRINT “Peak Jet Veloc:ity= *:Uj«30.48
2360 PRINT °Gas Jet Durations= “iJat_t
2370 PRINT
5 2388 PRINT * OQOiameter”,” Height~,* Time*," Diamater”:"* Height*:*®
) Time"
F. 2398 PRINT * un", " em °,° seconds",” um®,* em”, " seconds
- 2400 PRINT
2410 FOR I=1 TO S@ STEP 2
d 2420 PRINT USING °2(SX,32D,S5X,30.0,5X,0.000,5X)°:(I+7)e1@ Height({,1} ,Height(2
X I)e0el_t,(I+8)¢10,4eignt(l,I+1), ,Heignt(2,1+]1)20e]_t
. 2438 NEXT @
& <440 PRINTER IS 1
. 2453 INPUT “Print hard cogy? (l)= yes, (@)= no: °,Ansuer
"L 2480 IF Answer={ THEN
2470 PRINTER [S 701
" 2480 60TO0 2320
. 2490 ELS3E
- 2500 IF Ansuwer<)>® THEN 2452
.. 25i@ ENO IF
.. 2528 SUBEND
- 2538 !
» 2840 ¢
4 2539 |
. 2580 ! Sub used to control grachics outout of data
- i 2579 SUB Display_graph(Clear3,HomeS,INTESER Oata_set, Visw)
ST TSR el - 258@ . COM UINTEGER. Qistribution(e),Distrib_density(e ), REAL Height(+),8ed _particle
° . (¢),Eatrainment(s)
T Lmim — L =0 - 253@ - REAL-Xmax,Ymax,Xtick,Ytick,Xmin,Yain
- : 2600 OUTPUT 2:Homes: N
2610 OUTPUT 2:Clears:
. 2820 GINIT . | Initialize graohics
.- 2830 GRAPHICS ON
o 2540 SELECT Data_set { Scale glot routines
. 2650 CASE =2
- 2662 Xmax=800.
2679 Ymax=FNMax_real(Height(+),1,58)
2680 Xtick=Sd.
. . 2599 Ytick=FNScale(Ymax)
2700 CASE =3
2710 Ymax=FNitax_int(Distribution(+),S0,80)
2720 Xmax=FNData_limit(Oistribution(+),59,80)
: 2730 Xtick=FNScale(Xmax)
- 2740 Ytick=FNScale(Ymax)
2758 CASE =4
. <763 Xmax=590.
.. 2770 Ymax=FNMax_int(Bistribution(+),50,30)
- 2790 Xtick=5Q.
. 2790 Ytick=FNScale(Ymax)
o 2800 CASE =S
2810 Xmax=~NData_limit(Distrib_densiiy(+),53,3@)
- 2822 Ymax=100.
[ - 2930 Xticr="NScale(Xmax)
- I840 Y4:ick=FNScalstYmax)
", 2852 CASE =3
- 2862 Xmax=500.
" 2870 Ymar=FNMax_tnt(Distrid_gsensity(+),50,30)
b 2880 Xtick=SQ.
- 2990 Ytick=FNScale(Ymax)
A 2200 CASE »7
A
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2219
2929
29350
2940
2959
2959
2979
2989
2290
3000
3019
3029
3030
30490
3e8?
3062
3070
3089
3099
3i00
3110
3120
3130
3140
3150
3168
3179
3180
3120
3200
3210
3220
3239
3240
3259
3280
3270
3299
3290
3300
3310
3329
33309
3340
3359
3369
3370
3389
3390
3400
341
3232
3422
3440
3459
34609
3470
3480
3490
3500

Xmax=300.
Ymax=.0@.
Xtick=35a.
Ytick=1@
CASE =3

Xmax=FNQata_limitr(Entrainment(+),1,30)

Ymax=100.
Xtick=FNScale(Xmax)
Ytick=1Q.

case =3

Xmax=FNData_limitr(Entrainment(+),1,29)

Ymax=S,
Ymins=3,
Xtick=FNScalse(Xmax)
Ytick=.S
Y_axis==2.5
60TO 3110
END SELECT
Y_axis=9,
Ymins=Ytick
Xmin==2, eXtick
X_axis=d.
WINDQYW Xmin,l.le*Xmax,Ymin,l.l*Ymax
AXES Xtick,Ytick,X_axis,Y_axis
LORE § . .
FOR I=X_axis TO Xmax STEP Xticke2
MOVE I,Y_axis
LABEL I
NEXT I -
LORG 8
FOR [=Y_axis TO Ymax STEP Ytick
MOVE X_axis,I
LABEL I
NEXT I
SELECT Data_set
CASE =2
MOVE 8@,Height(1,l)
FOR I=2 TO SQ
ORAW (I+7)e10 ,Height(1,1)
NEXT I
CASE =3
Beginesliecw
Finish={iew
IF View<@ THEN
Begin=l
Fini1sh=S5Q
ENOD IF
FOR [=8egin TO Finish
MOVE 0,Jistribution(I,l)
FOR J=1 TO Xmax/2
DRAW ZeJ,Distributicon(I. )
NEXT J
NEXT I
CASE =4
MOUE 80,J:1stribution(]l, Viaw)
FOR I=2 TQ SO
ORAW (1+7)+10,0istribution(l,View)
NEXT I
CASE =S
Sagin=ijew
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| Set grachics scale
| Set gragh axis
! Label X-axis

! Label Y-axis

| Plot data

! Plot all if<@




" 3510 Finisheyiew
I 1520 IF View<d THEN | Plot all if <@
™ 3538 Begin=t
* 3540 Finisn=3S@
. 3550 ENQ IF
" 3550 FOR I=8egin TO Finish
k 3570 MOVE 9,.Distrib_density(I,1)
N : 3580 FOR J=i TO Xmax/2
I ? 3330 DRAY 2¢J. 0istrib_density(I,J)
i : 3500 NEXT I
- ' 3810 NEXT I
: 3828 CASE =3
838 MOVE 90,Distrib_density(l,Vieuw)
, 3540 FOR I=2 TQ S0
! 35850 DRAW (I+7)e1@ Distrib_density(I,View)
[ 3650 NEXT I
3670 CASE =7
. I 3839 MOVE 80,3ed_narticlel(l)
' 3590 FOR I=2 TO S@
3700 DRAW (1+7)+10,3ed _particle(I)
3710 NEXT 1
3720 CASE =8
730 MOVE Q.Zntrainment(l,l)
3749 FOR I=2 TO 8@ i
3758 DRAW [+2.Sntrainment(l,I)
3750 NEXT 1
. 3770 CASE =9
e 3780 MOVE Q,Entrainment(2,1)
R 3799 FOR [=2 TO 8@
3800 IF Entrainment(2,]1)=d. THEN 3349
3810 ORAW 12 Entrainment(2,[)
3820 NEXT 1
383@ END SELECT
3840 INPUT “Print gragh (1) ves, (@) no: °,Ansuer

3858 IF Answer~! THEN . !
38682 pume QEVICE [S 7@1 ! Qumo to printer j
3879 QUMP GRAPHICS

36880 5CLEAR

3899 £LSe

2990 IF Answer<>d THEN 3840

3910 END IF

3920 G&CLEAR

3930 SUBEND

3840

39%9 |}

3859 ¢

3978 ! Funciion determinas gragcnics axis scaleing

3980 O0EF FNScals(Ymax)

3998 IF Ymax)10@ THEN

19000 Tick=22.

4019 £LsE

4920

1030 Tice=ld

4940 g3z

4052 IF Ymax<=I0 AND Ymax>4 THEN

1069 Tiexk=2,

4270 ELSE

1080 Tick=.§

4999 EMO IF

1100 END IF 245
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411@ END IF
4120 RETURN Tick
4130 FNENOD

4149 |

4158 !

4160

4179 | Function determines max extent of data for X-axis limit
4180 DEF FNData_limit(INTEGER Data_l(<),Row_max,Col_max)

4199 Col=1

4200 REPEAT

4210 Sum=@,

4229 FOR i=l TO Row_max

4239 Sum=Sum+Jata_1(I,Cal)

4240 NEXT I

4259 Col=Col+l

4260 UNTIL Sum=@ OR Col=Col_max~-l
4278 RETURN Cole2

4280 FNEND
4220 !
4320 !
4310 |

4320 | Function determines max value in integer array
4330 OEF FNMax_int( INTESER Data_l(+),Rou_max,Col_max)
4349 R_max=1
4338 C_max=l
4350 FOR I=1 TO Row_max

e e=er —- 4370 FOR J=1 TO Col_max

- . - - . . .4380 - —-IF Data_l(I,J)>0ata_Ll(R_max,C_max) THEN
4329 R_max=] v
4400 C_max=J
4410 END IF
4420 . NEXT J
4430 NEXT I
4440 Max=Data_l(R_max,C_max)
4450 RETURN Max
4468 FNEND
4470 |
4480 |
44320 |
450Q ! Function determines maximum value in real array

45i@ DEF FNMax_rsal(Data_1(+),INTEGER Row_max,Col_max)
4520 R_max=l

4530 C_max=1

454@ FOR I=! TO Row_max

4532 FOR J=1 TO Col_max

4S80 IF Data_1(I.J)>0ata_l(R_max,C_max) THEN
4570 R_max=1

4580 C_max=J

4530 END IF

46920 NEXT I

4610 NEXT 1

4820 Max=Cata_l(8_max,C_nax)
4632 RETURN Max

4540 FNEND

4639 !

4680 !

4670 !

1680 | Function determines mar extent of data for X=-axis limit

4630 ODEF FNData_limiir{Data_1(*),Row,Col_max)
1708 Col=l
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4710
4729
4730
4740
4750
47689
4772
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IF Data_L(Row,Col)<=@ OR Cal=Col_maex THEN
Limit=Cale2
RETURN Limit

END IF

Col=Coli+l

6QT0 4710

FNENO
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APPENDIX ™M

This Appendix contains the calibration data for the
anemometer probe. The calibration was conducted in a small wind
tunnel using a pitot tube connected to a micromanometer capable of

measuring pressures to within 8.001 ins. of water.
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Air Velocity (ft/s)

Oscilloscope Trace Amplitude (Volts)

3.0

Fig. M-1 Calibration of Anemometer Probe.
Oscilloscope Voltage vs Air Velocity.
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